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The 060-1 and 0G0-3 broadband V W  (0 ,3  - P 3 . 0  kHz) r e c e i v e r s  observe 
r e c u r r i n g  forms of magnetic r a d i a t i o n  i n  t h e  magnetosphere. On t h e  bas i s  
of s imple s p e c t r a l  c h a r a c t e r i s t i c s  t h e  most commonly observed r a d i a t i o n  
may be c l a s s i f i e d  as  banded chorus,  banded h i s s ,  o r  low-f requency n o i s e ,  
Banded chorus cons is ts of a  band of d i s c r e t e ,  narrowband emissions whose 
c e n t e r  frequency f  i s  between 0 . 1  and 0.6 f Ho' where HO is  t h e  
minimum gyrofrequency on t h e  f i e l d l i n e  pass ing  through t h e  s a t e l l i t e .  
During t h e  l a t t e r  half  of 1966 banded chorus was observed most commonly 
(on about 50% of t h e  pas se s )  i n  a  reg ion  extending from L -  4 - 5 
nea r  t h e  dawn meridian t o  L N 6 - 8 i n  t h e  e a r l y  a f te rnoon.  Occurrence 
0 
seemed t o  be independent of d i p o l e  l a t i t u d e  i n  t h e  range f 4 0  , but  was 
p o s i t i v e l y  c o r r e l a t e d  wi th  magnetic a c t i v i t y .  The p a r a l l e l  energy of 
gyroresonant  e l e c t r o n s  is es t imated  t o  be on t h e  o rde r  of 10 keV. A 
t e n t a t i v e  c a l i b r a t i o n  i n d i c a t e s  r ap id  r i s e  times t o  broadband amplitudes 
t y p i c a l l y  on the  o rde r  of 10 - 100 milligammas dur ing  d i s c r e t e  banded 
chorus emissions.  Banded h i s s  c o n s i s t s  of a  band of d i f f u s e ,  uns t ruc tured  
r a d i a t i o n  i n  t h e  same normalized frequency range (0.1 < f / f  < 0 -6 )  a s  Ho 
banded chorus .  I t  was not  observed as  commonly as  t h e  l a t t e r  but 
occurred i n  a  roughly s i m i l a r  r eg ion .  Low-frequency no i se  c o n s i s t s  of 
r a d i a t i o n  a t  f r equenc i e s  g e n e r a l l y  below 0 . 1  fHo. I t  seldom shows 
d i s c r e t e  s t r u c t u r e  and usua l ly  extends t o  t h e  300 Hz low-frequency 
cu to f f  of t h e  r e c e i v e r ,  I t  was observed most commonly (on about 70% 
of t h e  p a s s e s )  a t  low L-values, g e n e r a l l y  wi th in  t h e  plasmasphere.  On 
a  s i n g l e  occasion narrowband r a d i a t i o n  was observed above t h e  expected 
l o c a l  e l e c t r o n  gyrofrequency. 
Page 
INTRODUCTION ............................................. l 
......................................... . A VLF Emissions 1 
B . Contr ibu t ions  of t h e  Presen t  Work ..................... 4 
. ........................ C S a t e l l i t e  Orb i t s  and Equipment 5 
D . I n t e r p r e t a t i o n  of Spectrograms ........................ 6 
I1 . CHARACTERISTICS OF VLF RADIATION I N  THE MAGNETOSPHERE ..... 8 
A . The Data ............................................ 8 
......................................... . B Banded Chorus 18 
........................................... . C Banded H i s s  29 
D . Low-Frequency Noise ................................... 30 
E . Comparison of OGO-1 and OGO-3 Data .................... 32 
F . Amplitude of Banded Chorus ............................ 33 
G . La t i t ude  Dependence ................................... 37 
H . Dependence on Magnetic A c t i v i t y  ....................... 41 
I . An Unusual Observation of Noise above t h e  Gyro- 
frequency ............................................. 48 
I11  . SUGGESTIONS FOR FURTHER RESEARCH .......................... 53 
REFERENCES ....................................................... 55 
Figure  
ILLUSTRATIONS 
Page 
-
1 S a t e l l i t e  o r b i t s  f o r  t h e  per iod f o r  which occurrence 
.................................. s t a t i s t i c s  were c a l c u l a t e d  9  
2  Examples of banded chorus ,  showing t h e  confinement of 
d i s c r e t e  emissions t o  a  s i n g l e  frequency band ............... 11 
3  Examples of banded h i s s ,  showing t h e  confinement of non- 
s t r u c t u r e d  a c t i v i t y  t o  a  s i n g l e  frequency band somewhere 
between 0 . 1  and 0.6 f  ..................................... 13 Ho 
4  Examples of low-frequency n o i s e  ............................. 14 
5 Simultaneous d a t a  from t h e  broadband r e c e i v e r  and t h e  band 
1 and band 2  d i g i t a l  sweeping r e c e i v e r s  on OGO 1 ............ 16 
6 S a t e l l i t e  o r b i t s  and a c t i v i t y  f o r  one r e p r e s e n t a t i v e  3-hour 
l o c a l  t i m e  block (2100-2400 LT) ............................. 19 
7 Occurrence s t a t i s t i c s  f o r  t h r e e  types  of VLF r a d i a t i o n ,  as  
a  func t ion  of Ro and l o c a l  t ime ........................... 20 
8  Occurrence of banded chorus a s  a  func t ion  of Ro and l o c a l  time p l o t t e d  i n  t h e  e q u a t o r i a l  p lane  ........................ 22 
9 Occurrence of banded chorus a s  a  func t ion  of quas i - i nva r i an t  
l a t i t u d e  QINV and l o c a l  t i m e  ................................ 25 
10 Comparison of occurrence of VLF chorus ...................... 26 
11 Examples of t h e  amplitude v a r i a t i o n  of banded chorus 
emissions observed by OGO 1 ................................. 36 
12 Occurrence s t a t i s t i c s  f o r  t h r e e  types  of VLF r a d i a t i o n  a s  
a  f u n c t i o n  of d i p o l e  l a t i t u d e  @ f o r  va r ious  Ro ........... 38 
13 The number of obse rva t ions  of banded chorus a t  var ious  
normalized f r equenc i e s  f o r  d i p o l e  l a t i t u d e s  Q wi th in  
lo0 of t h e  equa tor  and f o r  a l l  o t h e r  d i p o l e  l a t i t u d e s  ....... 40 
14 Occurrence of t h r e e  types of VLF r a d i a t i o n  between 0600 
and 0900 l o c a l  time as  a  func t ion  of Rot  f o r  magnet ical ly  
q u i e t  and moderately d i s tu rbed  pe r iods  ...................... 42 
15 Examples of banded chorus f o r  varying degrees  of magnetic 
d i s tu rbance  (higher  K va lues  a t  t h e  t o p )  ................... 46 
P 
16 Dst va lues  f o r  a 3-week per iod i n  October 1966 .............. 47 
F i g u r e  Page 
-  
17 OGO-3 o r b i t  f o r  10 September 1966, during p a r t  of which 
r a d i a t i o n  was observed above the  l o c a l  (Williams-Mead) 
gyrofrequency f H  ........................................ 49 
18 Unusual narrowband rad ia t ion  above the  l o c a l  (Williams- 
.............................. Mead) e l e c t r o n  gyrofrequency 50 
TABIS CAPTION 
Table Page 
-
1 Banded chorus a c t i v i t y ,  OGO 1, 06-09 LT ................. 45 
I e x p r e s s  my t h a n k s  t o  P r o f e s s o r  Rober t  A *  H e l l i w e l l  f o r  h i s  en thus iasm 
and gu idance  th roughout  t h e  c o u r s e  of t h i s  r e s e a r c h .  Many h e l p f u l  d i s -  
c u s s i o n s  w i t h  J .  J .  Angerami, D .  L .  C a r p e n t e r ,  N .  Dunckel, J .  P.  K a t s u f r a k i s  
and o t h e r  members of t h e  S tanford  Rad iosc ience  Laboratory  a r e  g r a t e f u l l y  
acknowledged. D r .  G. D .  Mead k i n d l y  provided a  computer s u b r o u t i n e  f o r  
c a l c u l a t i n g  t h e  l o c u s  of t h e  magnet ic  f i e l d l i n e  p a s s i n g  th rough  t h e  
s a t e l l i t e ;  t h e s e  c a l c u l a t i o n s  were c a r r i e d  o u t  by N .  Dunckel. 
T h i s  r e s e a r c h  was suppor ted  by t h e  N a t i o n a l  Aeronau t ics  and Space 
A d m i n i s t r a t i o n  under c o n t r a c t  NAS 5-2131 and g r a n t  NGR 05-020-288. 
- v i i  - 
A. VILE" EMISSIONS 
Electromagnetic r a d i a t i o n  a t  very low f requencies  (VEF, f < 30 kHz) 
may be d iv ided  i n t o  two broad ca t egor i e s :  w h i s t l e r s  and emissions.  
Whis t l e r s ,  which a r e  d ispersed  impulses generated by l i g h t n i n g ,  have 
been ex tens ive ly  s tudied  and cont inue t o  y i e l d  valuable  information on 
the  plasma environment of t h e  e a r t h .  Emissions, broadly de f ined ,  inc lude  
a l l  o the r  n a t u r a l l y  occurr ing VLF r a d i a t i o n ,  most of which i s  thought t o  
be generated by elementary p a r t i c l e s  i n  o r  above t h e  ionosphere.  Emissions 
occur with wide v a r i a t i o n s  of f requency,  i n t e n s i t y ,  and s p e c t r a l  form. 
P r i o r  t o  1959 a l l  VLF observa t ions  were made below the  ionosphere.  
G a l l e t  [1959] c l a s s i f i e d  emissions a s  "continuous" o r  "d i sc re t e "  i n  
frequency.  The former i s  o f t e n  c a l l e d  "h iss" ,  while  a  composite of 
many d i s c r e t e  emissions i s  c a l l e d  ''chorus". Pope 119631 found t h a t  t h e  
d iu rna l  maximum of chorus occurred l a t e r  a t  h igher  l a t i t u d e  s t a t i o n s ,  and 
t h a t  t he  maximum chorus frequency was higher  a t  n ight  than during t h e  
day. Laaspere e t  a l .  [1964] repor ted  t h a t  t he  c e n t e r  frequency of 
chorus gene ra l ly  decreased wi th  increas ing  l a t i t u d e .  He l l iwe l l  [I9651 
reviewed t h e  s t a t e  of knowledge of emissions and prepared an ex tens ive  
a t l a s  i l l u s t r a t p n g  spectrograms of t y p i c a l  ground s t a t i o n  observa t ions .  
Ground observa t ions  a r e  l imi t ed  t o  t h a t  po r t ion  of VLF r a d i a t i o n  
which is a t  t h e  r i g h t  frequency and angle of incidence and of s u f f i c i e n t  
i n t e n s i t y  t o  p e n e t r a t e  t he  ionosphere.  Ea r ly ,  low a l t i t u d e  s a t e l l i t e s  
car ry ing  VLF r e c e i v e r s ,  inc luding  In jun  3 [Gurnett  and O'Brien, 19641 
and AEouette 1 [Barrington e t  a l . ,  19631, confirmed the  ex is tence  of 
s t ronge r  VLF r a d i a t i o n  above t h e  ionosphere and observed new types of 
emissions not seen on the  ground. Even a t  t hese  a l t i t u d e s ,  however, 
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r a d i a t i o n  p r o p a g a t i n g  down from t h e  magnetosphere may be r e f l e c t e d  above 
t h e  s a t e l l r t e ,  and t h e  ray pa ths  followed by t he  observed s i g n a l s  a r e  
u n c e r t a i n  due t o  t h e  complicated and v a r i a b l e  composition of t h e  t ops ide  
ionosphere.  
OGO 1, launched i n  1964, c a r r i e d  t h e  f i r s t  VLF r e c e i v e r  i n t o  t h e  
ou t e r  magnetosphere. Using t h e  d i g i t a l  s t epp ing  r e c e i v e r s ,  Dunckel and 
He l l iwe l l  [I9691 descr ibed  t h e  occurrence and i n t e n s i t y  of emissions 
below t h e  e l e c t r o n  gyrofrequency. They found t h a t  t h e  h ighes t  observed 
frequency was p ropor t i ona l  t o  t h e  e q u a t o r i a l  gyrofrequency on t h e  f i e l d -  
l i n e  pass ing  through t h e  s a t e l l i t e ,  but  t h a t  t h e  s t r o n g e s t  r a d i a t i o n  
u sua l ly  occurred near  t h e  r e c e i v e r  low-frequency cu to f f  of 300 H z .  
F i c k l i n  e t  a l .  [I9691 s tud i ed  emissions having components above t h e  
e l e c t r o n  gyrofrequency.  The p re sen t  s tudy is  based on observa t ions  by 
t h e  broadband VLF r e c e i v e r  onboard t h e  same s a t e l l i t e  and OGO 3 .  This  
r e c e i v e r  provides  d e t a i l e d  s p e c t r a l  r e s o l u t i o n  of t h e  emissions.  
The sou rce  of most VLF emissions i s  gene ra l l y  assumed t o  be elemen- 
t a r y  charged p a r t i c l e s  s p i r a l i n g  along geomagnetic f i e l d l i n e s .  (Other 
s a t e l l i t e - o b s e r v e d  emissions may be nonpropagating e l e c t r o s t a t i c  
o s c i l l a t i o n s  of t h e  ambient plasma).  Energe t ic  p a r t i c l e s  may i n  gene ra l  
emit cyc lo t ron  and Cerenkov r a d i a t i o n ;  one pfoblem is  t o  account f o r  t h e  
observed s t r e n g t h  of t h e  emissions,  another  i s  t o  exp la in  t h e  coherent  
narrowband c h a r a c t e r  of d i s c r e t e  emissions.  E l ec t rons  emi t t i ng  cyc lo t ron  
r a d i a t i o n  a t  a  frequency equal  t o  t h e i r  gyrofrequency Doppler-shif ted 
downward by t h e i r  s t reaming ve loc i ty  were considered by Stepenov and 
Kitsenko [1961] and Dowden [1962].  The gene ra t i on  mechanism may be 
viewed a s  a  t r a n s v e r s e  resonance plasma i n s t a b i l i t y  which proceeds 
spontaneously when t h e  resonant  e l e c t r o n  popula t ion  has  p i t c h  angle  
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anisotropy an ell and Buneman, 1964; Brice, 1964b1, The radiation may 
phase incoming electrons to produce discrete emissions  rice, 1963; 
H e l l i w e l l ,  19671. 
VLF emissions probably p lay  an important p a r t  i n  t h e  dynamics of 
c e r t a i n  t r a n s i e n t  e l e c t r o n  popula t ions  i n  t h e  magnetosphere connected 
wi th  geomagnetic s torms.  This  i s  an a c t i v e  a r e a  of research ,  but t he  
fol lowing t e n t a t i v e  p i c t u r e  i s  r e p r e s e n t a t i v e  of cu r r en t  i d e a s .  Follow- 
ing  a  magnetic substorm, enhanced f l u x e s  of keV e l ec t rons  appear i n  t h e  
morning magnetosphere; t hese  may be previous ly  t rapped lower energy 
p a r t i c l e s  which have been acce l e ra t ed ,  o r  they may be e l e c t r o n s  which 
have d r i f t e d  i n  from t h e  geomagnetic t a i l  o r  t h e  evening magnetosphere 
[ J e l l y  and Br i ce ,  1967; Kavanagh e t  a l . ,  19681. Some of t h e s e  may 
gene ra t e  VLF emissions through gyroresonance i n t e r a c t i o n s .  This  
cyc lo t ron  r a d i a t i o n  may i n  t u r n  decrease the  p i t c h  angles  of t rapped 
e l e c t r o n s  i n  a random walk process  u n t i l  some e l e c t r o n s  f i n a l l y  reach 
t h e  l o s s  cone and a r e  p r e c i p i t a t e d  [ ~ e n n e l  and Petschek, 19661. Some 
of t h e  p r e c i p i t a t i n g  e l e c t r o n s  may emit bremsstrahlung r a d i a t i o n  known 
a s  X-ray microburs t s  m liven and Gurne t t ,  19681. 
A more thorough understanding of t h e  p r o p e r t i e s  of VLF emissions i s  
f i r s t  of a l l  d e s i r a b l e  i n  connect ion with t h e  above i n t e r a c t i o n  with 
t rapped e l e c t r o n s .  The Kennel-Petschek [1966] theory envisioned 
broadband r a d i a t i o n  f a r  below t h e  e l e c t r o n  gyrofrequency, whereas much 
of t h e  observed r a d i a t i o n  i s  i n  f a c t  d i s c r e t e  and near ha l f  t h e  gyro- 
frequency.  A t  t h e s e  f requencies  e l e c t r o n s  w i l l  d i f f u s e  i n  energy a s  wel l  
a s  p i t c h  ang le ,  and the a p p l i c a b i l i t y  of t h e  theory i s  unc lear .  I t  may 
be hoped t h a t  eventua l ly  t he  q u a n t i t a t i v e  study of d i s c r e t e  m i s s i o n s  
w i l l  provide a  d i a g n o s t i c  t o o l  f o r  measuring t h e  space and ve loc i ty  
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d ~ s f r r b u t ~ o n  of transient p a r t l e l e s .  I n  a d d i t i o n ,  arnbrent properties of 
t h e  tenuous reg ion  beyond the plasmapause such  a s  dens i ty  gradients and 
magnetic f i e l d  d i s t o r t i o n s  might be inves t iga t ed  through t h e i r  e f f e c t s  
on t h e  propagat ion of VLF emissions.  The study of n a t u r a l  VLF emissions 
i s  va luable  i n  i t s  own r i g h t  a s  an i n v e s t i g a t i o n  of plasma i n s t a b i l i t i e s  
i n  an environment which cannot be dupl ica ted  i n  t h e  l abo ra to ry .  
B .  CONTRIBUTIONS OF THE PRESENT WORK 
The present  paper i s  p a r t  of a  cont inuing study of t h e  p r o p e r t i e s  
of VLF emissions,  using observa t ions  from t h e  060 s a t e l l i t e s  a s  we l l  a s  
from ground s t a t i o n s .  I t  is  concerned s p e c i f i c a l l y  with r a d i a t i o n  observed 
by the  broadband VLF r e c e i v e r s  onboard OGO 1 and OGO 3 ,  pr imar i ly  during 
autumn 1966. Three d i s t i n c t  c l a s s e s  of emissions a r e  def ined and i l l u s -  
t r a t e d :  banded chorus,  banded h i s s ,  and low-frequency no i se .  The 
occurrence of r a d i a t i o n  i n  each c l a s s  i s  inves t iga t ed  a s  a  func t ion  of 
magnetic s h e l l ,  d i p o l e  l a t i t u d e ,  l o c a l  t ime, and magnetic a c t i v i t y .  The 
r e l a t i o n  of t h i s  r a d i a t i o n  t o  VLF emissions observed on t h e  ground and 
i n  t h e  tops ide  ionosphere i s  d iscussed .  Energies  a r e  ca l cu la t ed  f o r  
gyroresonant  e l e c t r o n s  which may genera te  banded chorus.  The amplitude 
of banded chorus r a d i a t i o n  i s  est imated and r i s e  and f a l l  times of 
d i s c r e t e  emissions a r e  i l l u s t r a t e d .  
This  s tudy i s  complementary t o  t h a t  of Dunckel and Hel l iwel l  [I9691 
using the  OGO 1 d i g i t a l  VLF s tepping  r e c e i v e r s .  I t  i s  a l s o  c lose ly  
r e l a t e d  t o  a  previous paper [ ~ u r t i s  and He l l iwe l l ,  19691 which i n t e r p r e t s  
some of t h e  p r o p e r t i e s  of banded chorus i n  terms of genera t ion  and propa- 
g a t i o n  of t he  r a d i a t i o n .  
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C .  SATELLITE ORBITS AND EQUIPNlENT 
S a t e l l i t e s  W O  L and aGO 3 a re  members of the E c c e n t r i c  O r b i t i n g  
Geophysical Observatory s e r i e s  and have highly e l l i p t i c a l ,  moderate- 
i n c l i n a t i o n  e a r t h  o r b i t s .  I n  September, 1966, during the  time of d a t a  
c o l l e c t i o n  f o r  t h e  present  s tudy ,  t he  per igee  of OGO 1 was about 3.6 R~ 
( e a r t h  r a d i i ,  geocen t r i c ) ,  apogee was about 22 Re , t he  i n c l i n a t i o n  was 
52O , and t h e  per iod  was 63 hours 58 minutes; t h e  per igee  was slowly 
inc reas ing  a t  a  r a t e  of about one e a r t h  r ad ius  per  yea r .  The o r b i t  was 
such t h a t  OGO 1 tended t o  e n t e r  t h e  magnetosphere a t  high southern  l a t i -  
tudes ,  c r o s s  t h e  d i p o l e  equator  near  pe r igee ,  and e x i t  t he  magnetosphere 
a t  high no r the rn  l a t i t u d e s .  OGO 3 had a  much lower per igee  of about 
1 .10  Re , apogee 20 Re , i n c l i n a t i o n  34O , and period 48 hours 
33 minutes .  During i t s  inbound passage through t h e  magnetosphere OGO 3 
tended t o  remain a t  low l a t i t u d e s  near t h e  d i p o l e  equator ,  while  dur ing  
i t s  outbound passage (some 7 hours e a r l i e r  i n  l o c a l  time) i t  tended t o  
be a t  no r the rn  mid la t i t udes .  Each s a t e l l i t e  remained w i t h i n  t h e  magneto- 
sphere f o r  s e v e r a l  hours each pas s .  
Both s a t e l l i t e s  c a r r i e d  s i m i l a r  broadband (0 .3  - 13.0 kHz) VLF 
r e c e i v e r s  wi th  magnetic loop antennas  o or den e t  a l . ,  1966) $hich pro- 
vided t h e  bulk of t h e  d a t a  f o r  t h e  present  s tudy .  The broadband r e c e i v e r  
output  was te lemetered t o  e a r t h  i n  r e a l  t ime on a  s p e c i a l  purpose channel 
and provided continuous coverage of t h e  e n t i r e  band with 80 db dynamic 
range.  OGO 1 a l s o  recorded t h e  broadband amplitude by means of a  vo l tage  
c o n t r o l l e d  o s c i l l a t o r ;  however, i t s  post launch c a l i b r a t i o n  i s  unce r t a in  
a s  w i l l  be  d iscussed  i n  a  l a t e r  s e c t i o n .  I n  a d d i t i o n  t o  t h e  broadband 
r ece ive r  designed t o  provide d e t a i l e d  s p e c t r a l  r e s o l u t i o n ,  both s a t e l l i t e s  
c a r r i e d  d i g i t a l  stepped-frequency VLF r ece ive r s  t o  provide d e t a i l e d  
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amplitude information over  a broad ( 0 - 2  - LOO kHz) f r equency  range. The  
digrLa.1 data, when processed, were used i n  t h e  p re sen t  study t o  verify 
hypotheses reached on t h e  b a s i s  of t h e  broadband d a t a .  
D . I NTERPRETATION OF SPECTROGRAMS 
VLF broadband r e c e i v e r  d a t a  were recorded on magnetic t ape  a t  t h e  
s a t e l l i t e  t r ack ing  s t a t i o n s .  For d a t a  a n a l y s i s  t h e  spectrum was l a t e r  
d i sp layed  on f i l m  using a  Rayspan spectrum analyzer .  On such a  spectro-  
gram the  o r d i n a t e  is frequency,  t h e  absc i s sa  is  time, and t h e  darkness 
of t h e  exposure a t  any p o i n t  v a r i e s  (non-l inearly)  with t h e  amplitude of 
t h e  r a d i a t i o n .  
When studying t h e  spectrograms i n  t h i s  paper,  t h e  r eade r  should keep 
s e v e r a l  p o i n t s  i n  mind. Horizontal  l i n e s  a t  d i s c r e t e  f requencies  ( e . g .  
2.46 kHz) a r e  spur ious  s i g n a l s  caused by spacec ra f t  equipment such a s  t h e  
d-c t o  a-c conve r t e r s .  Temporal v a r i a t i o n s  i n  t h e  background l e v e l  a r e  
caused by 1)  an onboard amplitude compression system which a d j u s t s  t h e  
s e n s i t i v i t y  of t he  r ece ive r  t o  t h e  s t r o n g e s t  s i g n a l  p r e s e n t ,  and 2) f o r  
OGO 1 a  12-second p e r i o d i c  fad ing  of t h e  te lemetry s i g n a l  due t o  t h e  s p i n  
of t h e  s p a c e c r a f t .  (The s p i n  a x i s  was near ly  p a r a l l e l  t o  t h a t  of t he  VLF 
loop antenna,  and except f o r  te lemetry fad ing  t h e  s p i n  had no observed 
e f f e c t  i n  t h e  d a t a . )  The time mark code a t  t he  bottom of t h e  spectrogram 
i s  der ived  from t h e  t r ack ing  s t a t i o n  clock (WV is usua l ly  a v a i l a b l e  i f  
g r e a t e r  accuracy is r e q u i r e d ) .  I n  some cases  (Figures  5 ,  11 and 15) t h e  
ampli tude VCO frequency has been t r a n s l a t e d  and superimposed on t h e  VLF 
spectrum. I n  looking a t  a l l  spectrograms i t  i s  important t o  note  t h e  
time and frequency s c a l e s ,  a s  compression o r  expansion of t he  record may 
change t h e  appearance of t h e  a c t i v i t y  cons iderably .  
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Caution must be exercised in interpreting these records. Since the 
sensitivity of the O W  broadband VLP receiver increases with frequency by 
about 6 db per octave the higher frequencies are accentuated. Because 
t h e  r ece ive r  has  a l og  compressor a c t i o n  ( e s s e n t i a l l y  a f a s t  AGC) only 
t h e  s t r o n g e s t  of s e v e r a l  s i g n a l s  present  may appear on t h e  r eco rds .  
N o n l i n e a r i t i e s  i nhe ren t  i n  photographic processing may exacerbate  these  
d i f f i c u l t i e s .  Thus s t rong  h i s s  could conceal a weaker band of chorus,  
a l though chorus would not be a s  l i k e l y  t o  conceal h i s s  ( t h e  h i s s  would 
tend t o  appear i n  any i n t e r v a l s  between d i s c r e t e  chorus emissions) .  A s  
another  example, broadband h i s s  with an upper-cutoff frequency oould 
appear banded on t h e  records  due t o  t h e  decreas ing  s e n s i t i v i t y  a t  low 
f r equenc ie s .  I n  s h o r t ,  t h e  apparent  i n t e n s i t y  a s  measured by t h e  
r e l a t i v e  darkness  of a c t i v i t y  on t h e  broadband spectrograms can be q u i t e  
decept ive .  These problems may o f t e n  be overcome by r e f e r r i n g  t o  t h e  
d i g i t a l  VLF d a t a  when it is  a v a i l a b l e .  
SEL 69-019 
11. 61-UaKACTERISTICS OF V W  W D I A T I O N  I N  THE MBGNETOSPHEm 
A .  THE DATA 
The records  which provided t h e  d a t a  f o r  t h e  present  study c o n s i s t  
of cont inuous Rayspan spectrograms covering f requencies  from 0 . 3  t o  
1 0 . 5  kHz, i . e . ,  most of t h e  range of t h e  OGO broadband (0 .3  - 13.0 kHz) 
VLF r e c e i v e r .  About 250 hours of continuous d a t a  from OGO 1 (29 passes)  
and OGO 3 (87 passes)  were sca led  according t o  t h e  type of a c t i v i t y  t o  
determine t h e  reg ions  of occurrence of VLF r a d i a t i o n ,  p a r t i c u l a r l y  
chorus,  i n  t he  magnetosphere. During t h e  6-month period s tudied  (June 
through December 1966) t h e  s a t e l l i t e s  t r ave r sed  much of t h e  magnetosphere. 
The o r b i t s  a r e  p l o t t e d  i n  geocen t r i c  d i s t a n c e  versus l o c a l  time i n  
F igure  1. While 060 1 remains i n s i d e  about 6  e a r t h  r a d i i  i n  t he  morning 
magnetosphere, i t  t r a v e l s  t o  s u f f i c i e n t l y  high magnetic l a t i t u d e s  t o  
cover L-values up t o  9 o r  g r e a t e r  a t  a l l  l o c a l  t imes .  
I n  mapping t h e  d a t a  t h e  s a t e l l i t e  was loca t ed  with t h r e e  parameters:  
d i p o l e  l a t i t u d e  @ , f i e l d l i n e  parameter Ro ' and l o c a l  time LT . 
Ro i s  def ined  a s  t h e  geocen t r i c  d i s t a n c e  ( i n  e a r t h  r a d i i )  t o  t h e  
magnetic equator  c ros s ing  of t h e  magnetic f i e l d l i n e  passing through t h e  
s a t e l l i t e .  The d i s t o r t e d  f i e l d  model of Williams and Mead El9651 was 
used f o r  t h e  geometry and s t r e n g t h  of t h e  magnetic f i e l d .  The d i f f e r e n c e  
between Ro and t h e  Jensen-Cain L-value was found t o  be l e s s  than  10% 
f o r  Ro < 6 . Ro was used r a t h e r  t han  L t o  emphasize t h e  d iu rna l  
v a r i a t i o n  of t h e  d i s t a n c e  t o  the  e q u a t o r i a l  gene ra t ion  reg ion  of c e r t a i n  
types of VEF noise .  Geographic r a t h e r  than magnetic l o c a l  time was used, 
the  d i f f e r e n c e  always being l e s s  than  an hour f o r  the  OeO-1 and OGO-3 
o r b i t s ,  
FIGURE 1. s a t e l l i t e  o r b i t s  f o r  t h e  per iod  f o r  which 
occurrence s t a t i s t i c s  were c a l c u l a t e d :  
OGO 1, 16 September through 8 December 1966; 
OGO 3, 25 June through 19 November 1966. 
Coordinates  a r e  l o c a l  t ime LT and geocen t r i c  
d i s t a n c e  R . 
e 
T h r e e  types of a c t i v i t y  w e r e  d i f f e r e n t i a t e d  i n  s e a l i n g  t h e  records ;  
these  may be cabled banded c h o r u s ,  banded hiss, and l o w - f r e q u e n c y  no i se .  
These t h r e e  types inc lude  a l l  VLF noise  except w h i s t l e r s  commonly 
observed i n  t h e  d a t a  under i n v e s t i g a t i o n .  While t h i s  c l a s s i f i c a t i o n  
may be regarded a s  pre l iminary ,  i t  seems l i k e l y  t h a t  t h e  occurrence of 
each type of no ise  depends on s i g n i f i c a n t l y  d i f f e r e n t  phys ica l  condi t ions  
i f  not d i f f e r e n t  processes .  The d i f f e r ences  i n  t h e  t h r e e  types of 
a c t i v i t y  a r e  s u f f i c i e n t l y  pronounced t h a t  an  unambiguous c l a s s i f i c a t i o n  
can usua l ly  be made with l i t t l e  h e s i t a t i o n  by t h e  person s c a l i n g  the  
record .  These t h r e e  types may be thought of a s  a  more d e t a i l e d  c l a s s i f i -  
c a t i o n  of t he  s p e c t r a l  p r o p e r t i e s  of emissions below t h e  l o c a l  e l e c t r o n  
gyrofrequency repor ted  by Dunckel and He l l iwe l l  [I9691 using OGO-1 
d i g i t a l  d a t a .  Other types of a c t i v i t y  such a s  "broadband noise" and 
"highpass noise" observed i n  OGO-1 d i g i t a l  d a t a  [ ~ i c k l i n  e t  a l . ,  19693 
were not  conspicuous i n  t h e  p re sen t  d a t a .  Broadband no i se  might be 
d i f f i c u l t  t o  d i s t i n g u i s h  from background noise  i n  the  present  baaadband 
r eco rds ;  highpass  no i se  occurs  above t h e  passband of t h e  present  
experiment.  
Banded chorus,  t h e  f i r s t  type  of a c t i v i t y ,  i s  i l l u s t r a t e d  i n  
Figure 2 .  I t  c o n s i s t s  of d i s c r e t e ,  sometimes overlapping narrowband 
emissions whose c e n t e r  frequency f  l i e s  between approximately 0 .1  
and 0 .6  t imes t h e  minimum ( e q u a t o r i a l )  gyrofrequency f ~ o  on the  
f i e l d l i n e  pass ing  through t h e  s a t e l l i t e .  The emissions tend t o  occur i n  
a  s i n g l e  band w i t h i n  t h i s  range;  t he  apparent bandwidth may vary widely 
but  is  most o f t e n  between 10% and 50% of t h e  cen te r  frequency. A s  t h e  
s a t e l l i t e  moves i n  t o  lower Ro ' t h i s  band of emissions moves t o  higher  
f requencies  corresponding t o  the  increased  gyrofrequency (magnetie f i e l d )  
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FIGURE 2 .  Examples of banded chorus,  showing t h e  confinement of d i s c r e t e  
emissions t o  a  s i n g l e  frequency band. V e r t i c a l  and h o r i z o n t a l  
s t r i a t i o n s  a r e  i n t e r f e r e n c e  as  d i scussed  i n  t he  t e x t .  The 
arrow on t h e  frequency s c a l e  marks f  1 2  (Williams-Mead 
model).  S a t e l l i t e  coord ina tes  and 3-&ur K a r e  given on t h e  
P  
r i g h t .  The banded chorus is accompanied by h i s s  i n  t h e  t h i r d  
and f o u r t h  example. 
at the equator [~urtls and Hebljwell, 19691, The i nd iv idua l  discrete 
emlssrons r n  t h r s  band may be of any spec t ra l  shape ( r r s e r s ,  f a l l i n g  
t ones ,  "hooksf',  e t c . )  but  t y p i c a l l y  one shape is  dominant f o r  any g iven  
t ime pe r iod  on t h e  o rde r  of an  hour .  The "chorus" made up of t h e s e  
d i s c r e t e  emissions appears  s i m i l a r  t o  t h a t  recorded f o r  many yea r s  a t  
ground s t a t i o n s ,  bu t  occurs  i n  a  l i m i t e d  frequency range whereas ground- 
observed chorus o f t e n  occurs  i n  s e v e r a l  bands over a  wide range of 
f requency ( e  .g . , Hel l iwe l l  [1965],  f i g u r e s  7-35, 7-43, 7-58, e t c  .) . 
Banded chorus was found t o  be t h e  most common type  of VLF a c t i v i t y  i n  
t h e  h igh  Ro reg ion ,  g e n e r a l l y  beyond t h e  plasmapause. 
Banded h i s s ,  t h e  second type  of a c t i v i t y ,  is i l l u s t r a t e d  i n  F igure  3.  
P 
I t  c o n s i s t s  of an  uns t ruc tu red  band of no i se  occur r ing  i n  t h e  same 
frequency range (0 .1  < f / f  < 0.6)  a s  banded chorus.  By d e f i n i t i o n  Ho 
t h e r e  a r e  no narrowband, d i s c r e t e  emissions d i s ce rnab le  i n  pure banded 
h i s s ;  however, i t  i s  o f t e n  accompanied by banded chorus a s  i n  t h e  l as t  
two examples of F igure  3 .  Banded h i s s  i s  not  a s  common a s  banded chorus 
but  occurs  i n  a  roughly s i m i l a r  r eg ion .  
Low-frequency no i se ,  t h e  l a s t  type  of a c t i v i t y ,  i s  shown i n  
- P 
Figure  4 .  I t  c o n s i s t s  of no i se  wel l  below t h e  banded chorus frequency,  
and wi th  f u r t h e r  s tudy could perhaps be d i f f e r e n t i a t e d  i n t o  s e v e r a l  
c a t e g o r i e s .  Most o f t e n  i t  i s  simply broadband h i s s  extending from t h e  
lowest  f r equenc i e s  on t h e  record  (about 300 Hz) t o  an upper cu to f f  of 
perhaps 0 . 1  f  However, t h e  upper cu tof f  does not always fo l low t h e  Ho ' 
minimum gyrofrequency a s  t h e  s a t e l l i t e  moves i n  o f t e n  during a  Ro 
g i v e n  pass  t h e  frequency r e m i n s  cons tan t  over a  wide range of f ~ o  . 
Sometimes t h e  no ise  does not  extend down t o  300 H z ,  but i n  a l l  cases  
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kHz OGO-3  22 SEP 66 
OGO - 3 2 SEP 66 0233:OO U T  
OGO-3 27 J U N  66 0 8 0 0 : O O  U T  
OGO- I 10 OCT 66 1429:OO U T  
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20 sec 
FIGURE 3 .  Examples of banded h i s s ,  showing t h e  conf inement  of non- 
s t r u c t u r e d  a c t i v i t y  t o  a  s i n g l e  f requency  band somewhere 
between 0 . 1  and 0 .6  f  . Some s t r u c t u r e d  banded chorus  is  No 
a l s o  p r e s e n t  i n  t h e  l a s t  two examples.  In  t h e  27 June  r e c o r d  
t h e  h o r i z o n t a l  l i n e s  a r e  a t  m u l t i p l e s  of o n e - q u a r t e r  t h e  
measured l o c a l  gyrof requency  
---b 
OGO- 3 28 SEP 66 1030:00 UT 
, OGO-I 10 OCT 66 1400:IO UT 
OGO-3 21 JUL 66 1630:15 UT 
OGO-3 2 OCT 66 1027:QO UT 
0 10 20 sec 
FIGURE 4 .  Examples of  low-frequency n o i s e .  Note t h a t  a c t i v i t y  is f a r  
below t h e  f  1 2  arrow ( o f f  s c a l e  i n  t h e  f o u r t h  example) and 
e x t e n d s  t o  tk low f requency  c u t o f f  of  300 H z .  W h i s t l e r s  a r e  
a l s o  p r e s e n t  i n  t h e  f i r s t ,  t h i r d  and f o u r t h  examples.  
t h e  lower cu to f f  i s  f a r  below 0 - 1  f  
H o  ' Only r a r e l y  a r e  t h e r e  d i s c r e t e  
emissions w i t h i n  the low-frequency h i s s ,  Low-frequency noise w a s  found t o  
be t h e  most eomon type of VLF a c t i v i t y  (except ing w h i s t l e r s )  i n  t h e  low 
Ro reg ion ,  g e n e r a l l y  w i t h i n  t h e  plasmasphere. 
These t h r e e  types  of no i se  were defined and sca led  according t o  t h e i r  
appearance on t h e  broadband spectrograms. A s  mentioned i n  t h e  previous 
chapter  t h e s e  spectrograms must be i n t e r p r e t e d  wi th  caut ion .  For i n s t ance ,  
broadband no i se  wi th  an  upper-cutoff frequency could appear banded i n  
t h e  records  due t o  t h e  decreas ing  s e n s i t i v i t y  of t he  OGO broadband VLF 
r e c e i v e r  a t  lower f r equenc ie s .  The examples i n  F igures  2 and 3 were 
chosen from t h e  1966 d a t a  f o r  which occurrence s t a t i s t i c s  were ca l cu la t ed .  
Unfortunately d i g i t a l  d a t a  a r e n o t  y e t  processed f o r  t h i s  pe r iod ,  and we 
cannot be c e r t a i n  t h a t  t h e  a c t i v i t y  i n  t hese  examples i s  t r u l y  banded. 
However t h e  lower cu to f f  of banded chorus and banded h i s s  is  usua l ly  
q u i t e  ab rup t ,  and appears  t o  be sharper  t han  t h e  6 db per  oc tave  
r o l l o f f  of t h e  r e c e i v e r s  ( t h e  h i s s  i n  t h e  f o u r t h  example of F igure  2 
may be an  except ion) .  I n  any case ,  e a r l i e r  1965 d i g i t a l  d a t a  confirm 
t h e  ex i s t ence  of t r u l y  banded no i se .  During t h e  inbound OGO-1 passes  
of March through May 1965, both banded chorus and banded h i s s  a r e  
commonly observed i n  t h e  broadband and d i g i t a l  d a t a .  
A r e p r e s e n t a t i v e  example of t h i s  simultaneous d i g i t a l  and broadband 
d a t a  i s  given i n  F igure  5. Typical banded chorus may be seen i n  t h e  lower 
ha l f  of t h e  broadband spectrogram, with a c t i v i t y  extending from about 2 .5  
t o  g r e a t e r  than  4 . 0  kHz. The broadband ampli tude,  t o  be discussed below 
(Sec t ion  F ) ,  i s  ind ica t ed  by the  upper t r a c e  on the  spectrogram. A 
s i n g l e  frame from t h e  band 1 and band 2 d i g i t a l  s tepping r e c e i v e r s  i s  
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shown below; t h e  f i rs t  pas t  of t h e  band 2 f requency  sweep f o r  t h i s  frame 
i s  t r a c e d  by t h e  arrow on t h e  spectrogram. The noise  l e v e l  of t h e  d i g i -  
t a l  r e c e i v e r s  is ind ica t ed  by the  dashed l i n e s ,  Ac t iv i ty  may be seen  
on t h e  band 2 r ece ive r  between about 2 and 7 kHz, s t ronges t  a t  about 
2 .8  kHz; t h i s  corresponds t o  banded chorus.  The s e p a r a t e  peaks of t h e  
amplitude t r a c e  a r e  caused by the  r ece ive r  s tepping  through success ive  
emissions.  A s  f o r  most ca ses  of banded chorus and banded h i s s  which 
have been compared wi th  d i g i t a l  d a t a ,  t h e r e  is a d e f i n i t e  low-frequency 
c u t o f f ,  and t h e  a c t i v i t y  is c e r t a i n l y  banded. 
A s e p a r a t e  band of a c t i v i t y  may be seen on t h e  band 1 rece ive r  between 
about 0 . 3  and 1 . 2  kHz. WhiPe t h i s  i s  only s l i g h t l y  weaker than  t h e  banded 
chorus i t  does not appear a t  a l l  on t h e  broadband spectrogram. This  
i l l u s t r a t e s  how t h e  decreased s e n s i t i v i t y  of t h e  broadband r ece ive r  
a t  low f r equenc ie s ,  coupled with t h e  r ece ive r  AGC and non-linear photo- 
graphic  process ing ,  may cause low-frequency a c t i v i t y  t o  be obscured on 
t h e  broadband spectrograms. This a c t i v i t y  on t h e  band 1 rece ive r  seems 
t o  be independent of t h e  banded chorus and on o the r  occasions does not 
appear although banded chorus o r  banded h i s s  is evident  i n  t h e  d i g i t a l  
d a t a .  I t  seems s i m i l a r  t o  low-frequency noise  a s  def ined  above. Dunckel 
and He l l iwe l l  [1969], using d i g i t a l  d a t a  from the  f i r s t  100 passes  of 
060 1 (September 1964 - May 1965),  found t h a t  i n  t h e  magnetosphere a s  
a whole t h e  s t r o n g e s t  VLF r a d i a t i o n  occurred below 500 Hz 84% of t h e  t ime. 
To map t h e  occurrence of each type of a c t i v i t y ,  t h e  1966 broadband 
d a t a  were s o r t e d  i n t o  e igh t  3-hour blocks i n  l o c a l  time (LT) and seven 
I - u n i t  increments i n  
Ro 
. The number of passes  i n  each compartment of 
- LT space varied from 7 t o  3 2  ( t h e  few compartments having fewer 
than 7 passes  were considered t o  have i n s u f f i c i e n t  d a t a  f o r  s t a t i s t i c a l  
- I7  - SEL-69-019 
p u r p o s e s  and a r e  x n d ~ e a t e d  by dashed Llnes i n  Figure 4 ) .  I f ,  d u r i w  a  
pass ,  a  type  of a c t i v i t y  occurred anywhere I n  t he  compartment i t  was 
considered an  "occurrence" ( t y p i c a l l y  i f  a c t i v i t y  was p re sen t  i t  l a s t e d  
over s e v e r a l  compartments). The number of passes  having an "occurrence" 
d iv ided  by t h e  t o t a l  number of passes  then  determined t h e  percentage 
occurrence f o r  each compartment. 
F igure  6  shows t h e  s a t e l l i t e  o r b i t s  and a c t i v i t y  f o r  one represen-  
t a t i v e  3-hour pe r iod ,  2100 - 2400, p l o t t e d  i n  t h e  meridional  p lane .  The 
f i e l d l i n e s  a r e  those  of t he  Williams-Mead model f o r  t h i s  l o c a l  time 
pe r iod .  S o l i d  l i n e s  i n d i c a t e  those  p o r t i o n s  of passes  having no VLF 
a c t i v i t y ;  x ' s  i n d i c a t e  banded chorus a c t i v i t y ;  c ros s  hatches i n d i c a t e  
banded h i s s  a c t i v i t y ;  and c i r c l e s  i n d i c a t e  low-frequency no i se  a c t i v i t y .  
Compared t o  o the r  l o c a l  t imes t h e  occurrence of VLF a c t i v i t y  during t h i s  
per iod  i s  r e l a t i v e l y  low. 
The percentage occurrence f o r  t h e  t h r e e  types of a c t i v i t y  i s  pre- 
sen ted  i n  F igure  7 a s  a  func t ion  of Ro ' f o r  t he  e igh t  d i f f e r e n t  l o c a l  
t ime b locks .  By scanning from t h e  top  of t h e  f i g u r e  downward, t h e  r a d i a l  
movement of t h e  reg ion  of maximum occurrence throughout t he  day may be 
v i s u a l i z e d .  The s i m i l a r i t y  of t h e  r eg ions  of occurrence of banded chorus 
and banded h i s s  i s  ev iden t ,  a s  i s  t h e  d i s s i m i l a r i t y  of t h e  reg ion  of 
occurrence of low-frequency no i se .  The fo l lowing  s e c t i o n s  w i l l  d i s cuss  
t h e  occurrence s t a t i s t i c s  f o r  each type  of a c t i v i t y  i n  t u r n .  
B . BANDED CHORUS 
A s i n g l e  band of d i s c r e t e  emissions between about 0 . 1  and 0 .6  
t imes the  minimum gyrofrequency on the  f i e l d l i n e  passing through the  
FIGURE 6 .  S a t e l l i t e  o r b i t s  and a c t i v i t y  f o r  one 
r e p r e s e n t a t i v e  3-hour l o c a l  t i m e  block 
(2100-2400 LT). X ' s  r ep re sen t  banded 
chorus ,  hatch-marks banded h i s s ,  c i r c l e s  
low-frequency no i se ,  and s o l i d  l i n e s  no 
a c t i v i t y .  R i s  t h e  magnetic equator  
c ros s ing  d isyance  of t h e  magnetic f i e l d -  
l i n e  (Williams-Mead model). 
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sale4 116e 1s the anost c o ~ i i s n o n  type c l i  ar ' t  3 v-n t y  a t  Ro grea re r  t h a c  4 
or  5. A s  shown I n  Ergure 7 ,  t h e  occurrenee of banded chorus depends 
on Poeal time and 
no 
Although banded c h o r u s  1s observed a t  a l l  
l o c a l  t imes ,  i t  i s  most common i n  the  morning, from 0300 t o  1500 LT, 
when it i s  p re sen t  about 50% of t h e  t ime.  The reg ion  of maximum 
occurrence moves out  from R = 4 - 5 before  0600 t o  Ro > 6 a f t e r  
0 
1200. During t h e  l a t e  a f te rnoon chorus is a t  a minimum, but a c t i v i t y  
i nc reases  a g a i n  a f t e r  1800 and t h e  zone of maximum occurrence moves 
slowly inward u n t i l  t h e  common morning a c t i v i t y  begins .  Although t h e  
s t a t i s t i c s  showing chorus t o  be most common dur ing  the  morning a r e  based 
simply on t h e  presence o r  absence of a c t i v i t y ,  t he  morning a c t i v i t y  a l s o  
tends t o  be  s t r o n g e r  and more cont inuous than the  evening a c t i v i t y ,  a s  
suggested by t h e  examples i n  F igure  2. 
Fu r the r  pe r spec t ive  i s  gained by p l o t t i n g  the  occurrence s t a t i s t i c s  
f o r  banded chorus i n  t h e  e q u a t o r i a l  p lane  (F igure  8 ) .  The p lane  i s  
d iv ided  i n t o  t h e  same compartments a s  t h e  d a t a ,  i . e . ,  3-hour blocks 
of l o c a l  t ime and 1-uni t  increments of Ro . Regions having i n s u f f i c i e n t  
d a t a  (fewer than  seven passes)  a r e  unshaded; l i g h t  shading i n d i c a t e s  
0 - 20% occurrence ;  diagonal  hatching i n d i c a t e s  20 - 40% occurrence;  
and heavy shading i n d i c a t e s  40 - 62% occurrence.  The curve of x ' s  
marks an average p o s i t i o n  of t h e  plasmapause f o r  moderately d i s tu rbed  
condi t ions  a s  determined from 1963 w h i s t l e r  observa t ions  [Carpenter ,  
19661. Also shown ( f o r  two l o c a t i o n s )  i s  t h e  p a r a l l e l  energy of resonant  
e l e c t r o n s  under t h e  assumption of t r ansve r se  cyc lo t ron  resonance and a 
model ambient number dens i ty  i n  t h e  e q u a t o r i a l  p l ane .  
>40°/o OF PASSES 
20-40°/o 
< 20 O/o 
INSUFFICIENT DATA 
PLASMAPAUSE 
FIGURE 8 .  Occurrence of banded chorus a s  a  f u n c t i o n  of 
R and l o c a l  t i m e  p l o t t e d  i n  t h e  e q u a t o r i a l  
p?ane. L ight  shading i n d i c a t e s  0-20% occur rence ,  
d iagonal  ha tch ing  20-40%, and heavy shading 
40-62%. I n s u f f i c i e n t  d a t a  i n  unshaded r eg ions .  
The curve of X ' s  marks Ca rpen te r ' s  [I9661 
average plasmapause p o s i t i o n .  P a r a l l e l  ene rg i e s  
of gyroresonant  e l e c t r o n s  a r e  c a l c u l a t e d  as  i n  
t h e  t e x t .  
I t  has been shown [ ~ u r t i s  and WePliwell, 19691 t h a t  t h e r e  i s  reason 
t o  be l i eve  tha , t  banded chorus  i s  generated near t h e  equa tor  and propagates 
approximately p a r a l l e l  t o  magnetic f i e l d l i n e s .  Figure 8 may then be 
~ n t e r p r e t e d  a s  showing t h a t  the  p r i n c i p a l  gene ra t ion  reg ion  l i e s  beyond 
t h e  plasmapause, and moves out  f a r t h e r  from t h e  e a r t h  l a t e r  i n  t h e  
morning, perhaps reaching a s  f a r  a s  t h e  magnetopause during ea r ly  a f t e r -  
noon. The corresponding change i n  L-value i s  s l i g h t l y  g r e a t e r  t han  t h e  
change i n  Ro s i n c e  t h e  f i e l d  i s  more compressed i n  t h e  noon meridian.  
This  locus  of maximum occurrence i s  reminiscent  of ca l cu la t ed  d r i f t  pa ths  
of -1  - 10 keV e l e c t r o n s  assuming an east-to-west e l e c t r i c  f i e l d  
ac ros s  t h e  magnetosphere [Br ice ,  1967; Kavanagh e t  a l . ,  19681. This  
r eg ion  is  a l s o  s i m i l a r  t o  t h e  reg ion  where Carpenter [1966, F igure  121 
found t h e  l a r g e s t  number of w h i s t l e r s  beyond t h e  plasmapause, a l though 
t h i s  number is s t i l l  small compared t o  t h e  number of w h i s t l e r s  w i t h i n  
t h e  plasmasphere. Whis t l e r s  were not seen  i n  t h i s  reg ion  i n  t h e  p re sen t  
s tudy ,  suggest ing the  s a t e l l i t e s  d id  not pass  through a c t i v e  duc t s  dur ing  
t h e  per iod  s tud ied .  This  suppor ts  t h e  conclusion of B u r t i s  and He l l iwe l l  
[1969] t h a t  banded chorus i s  gene ra l ly  non-ducted. 
I t  i s  o f t e n  assumed t h a t  t h e  genera t ion  mechanism f o r  d i s c r e t e  
VLF emissions b a s i c a l l y  involves  gyroresonance between t h e  c i r c u l a r l y  
po la r i zed  whistler-mode waves and e l e c t r o n s  gy ra t ing  along magnetic 
f i e l d l i n e s   rice, 1964b; H e l l i w e l l ,  19671. Applying t h e  resonance 
cond i t i on  t h a t  e l e c t r o n s  s e e  a  wave frequency Doppler-shifted t o  t h e i r  
gyrofrequency by t h e i r  p a r a l l e l  v e l o c i t y ,  and using the  empir ical  
observa t ion  t h a t  t h e  banded chorus frequency is c l o s e  t o  half  t he  
SEE 69-019 
e q u a t o r i a l  g y r o f r e q u e n c y  [ ~ u r t r s  and H e l L i w e I . 4 ,  19691, w e  o b t a i n  
where f  = wave frequency 
f  = e l e c t r o n  gyrofrequency H 
v  = wave phase v e l o c i t y  
P  
v  = e l e c t r o n  v e l o c i t y  p a r a l l e l  t o  magnetic f i e l d .  I I  
This  impl ies  yl = -v , i . e . ,  t h e  p a r a l l e l  v e l o c i t y  of resonant  e l e c t r o n s  
P  
i s  equa l  t o  t h e  phase v e l o c i t y  of t h e  waves but  i n  t h e  oppos i te  d i r e c t i o n .  
The p a r a l l e l  energy of resonant  e l e c t r o n s  can be found by s u b s t i t u -  
t i n g  t h e  well-known express ion  f o r  whistler-mode phase v e l o c i t y  and 
r e c a l l i n g  t h a t  f  = f  / 2  : H 
where E,, = p a r a l l e l  k i n e t i c  energy of resonant  e l e c t r o n s  
m = e l e c t r o n  mass 
e  
c = speed of l i g h t  
f  = plasma frequency.  
0 
Using t h e  Williams-Mead model t o  determine f H  and t h e  w h i s t l e r  measure- 
ments of Angerami and Carpenter  [I9661 t o  determine f o  ' values  of 
El l  a r e  found t o  be  on t h e  o rde r  of 10  keV throughout most of t h e  
r eg ion  where banded chorus is  most common. Vasyliunas [I9681 has  
r epo r t ed  l a r g e  f l u x e s  of e l e c t r o n s  wi th  s p e c t r a l  energy peak somewhat 
above l keV o u t s i d e  t h e  plasmapause p r i o r  t o  0600 LT, with gradua l ly  
SEL 69-019 
FIGURE 9. Occurrence  of banded c h o r u s  a s  a  f u n c t i o n  of 
q u a s i - i n v a r i a n t  l a t i t u d e  QINV and l o c a l  t i m e .  
Q I N V  was de te rmined  by t r a c i n g  t h e  Wil l iams-  
Mead f i e l d l i n e  f rom i t s  e q u a t o r  c r o s s i n g  R 
0 
t o  i t s  i n t e r s e c t i o n  w i t h  t h e  e a r t h .  Note 
t h a t  low R d a t a  b l o c k s  cover  a  wide r  r a n g e  
of Q I N V .  sRading a s  i n  F i g u r e  8 ,  
FIGURE 10. Comparison of occurrence of VLF chorus .  The 
d i agona l ly  hatched reg ion  is  based on OGO-1 
and OGO-3 occurrence of banded chorus a s  a  
f u n c t i o n  of Q I N V .  The dot ted  reg ion  i s  based 
on Injun-3 t ops ide  ionosphere V L F  d a t a  [Taylor 
and Gurne t t ,  19681 as  a  func t ion  of t r u e  in -  
v a r i a n t  l a t i t u d e .  The heavy curved l i n e  is 
based on ground observa t ions  of chorus [Pope, 
19631 a s  a  func t ion  of " eccen t r i c  l a t i t u d e . "  
See t e x t .  
decreas ing  fluxes l a t e r  i n  t h e  morning, Banded chorus and a s soc i a t ed  
precipitation may be an important loss mechanism for these  p a r t i c l e s .  
To f a c i l i t a t e  comparison wi th  h i g h - l a t i t u d e  ground measurements, 
t h e  occurrence s t a t i s t i c s  f o r  banded chorus a r e  converted from Ro t o  
an equ iva l en t  quas i - i nva r i an t  l a t i t u d e  (QINV) and presen ted  i n  F igure  9 .  
QINV was found by t r a c i n g  t h e  Williams-Mead f i e l d l i n e  through t h e  
s a t e l l i t e  t o  i t s  i n t e r s e c t i o n  wi th  t h e  e a r t h  ( Q I N V  a s  def ined  h e r e  does 
no t  i nc lude  i n t e r n a l  f i e l d  harmonics and s o  i s  no t  s t r i c t l y  t r u e  
i n v a r i a n t  l a t i t u d e ) .  Note t h a t  low Ro d a t a  b locks  oover a  compara- 
t i v e l y  wide range of QINV, and because of v a r i a t i o n s  i n  f i e l d  compression 
t h e  h igh  Ro b locks  cover d i f f e r e n t  QINV a t  d i f f e r e n t  l o c a l  t imes.  
Regions having occurrence from 0  - 20%, 20 - 40%, and 40 - 62% a r e  
shaded a s  i n  F igu re  8.  This  p r e s e n t a t i o n  should be e s p e c i a l l y  u se fu l  
f o r  c o r r e l a t i o n  wi th  p a r t i c l e  p r e c i p i t a t i o n ,  x-ray microburs t ,  and low 
a 1  t i  tude VLF experiments .  
The banded chorus occurrence s t a t i s t i c s  a r e  compared wi th  t o p s i d e  
ionosphere and ground s t a t i o n  VLF chorus s t a t i s t i c s  i n  F igure  10.  The 
d i agona l ly  hatched r eg ion  i s  where OGO 1 and OGO 3 most commonly observed 
banded chorus (40 - 62% of t h e  p a s s e s ) .  The d o t t e d  r eg ion  i s  where Taylor  
and Gurnet t  [I9681 r e p o r t  0 . 2  - 7.0 kHz magnetic f i e l d  s t r e n g t h s  exceeding 
1 . 8  milligammas more t han  20% of t h e  t ime on I m u n  3 i n  t h e  t ops ide  
ionosphere,  r e g a r d l e s s  of t h e  type  of a c t i v i t y ,  p l o t t e d  a s  a  f u n c t i o n  
of t r u e  i n v a r i a n t  l a t i t u d e .  The heavy curved l i n e  i s  where Pope [I9631 
r epo r t ed  t h e  l o c a l  t ime of maximum chorus a c t i v i t y  ( a u r a l l y  sca led)  
f o r  ground s t a t i o n s  a t  var ious  e c c e n t r i c  l a t i t u d e s  ( e c c e n t r i c  l a t i t u d e  
i s  obtained by cen t e r ing  t h e  geographic l a t i t u d e  g r i d  on the  geomagnetic 
p o l e ) ,  
- 27 - SEL 69-019 
The Injun-3 d a t a  i n  F igure  10 i nc lude  a l l  types  of VEP no i se  and 
t h u s  a r e  no t  d i r e c t l y  comparable wi th  d a t a  on d i s c r e t e  emissions a lone ,  
However, t h e  d a t a  a f t e r  1600, a t  %owex i n v a r i a n t  l a t i t u d e s ,  a r e  thought 
t o  be p r imar i l y  what Taylor  and Gurnet t  c a l l  "ELF h i s s " ,  by analogy 
wi th  060 obse rva t ions  h e r e  of low-frequency noise .*  The remainder of 
t h e  Injun-3 d a t a  a r e  thought t o  be a mixture  of ELF h i s s  and VLF choaus. 
The r e g i o n  of occurrence i s  neve r the l e s s  roughly comparable wi th  t h a t  
of magnetospheric banded chorus.  
F igure  10  shows a moderately good c o r r e l a t i o n  between t h e  OGO d a t a  
and Pope 's  ground d a t a .  Both show a s i m i l a r  tendency f o r  t h e  peak 
chorus occurrence t o  move t o  h ighe r  l a t i t u d e s  l a t e r  i n  t h e  morning. 
The ground maximum appears  t o  be a t  s l i g h t l y  lower l a t i t u d e s  t han  t h e  
magnetospheric maximum. This  may be r e l a t e d  t o  increased  ionospher ic  
abso rp t ion  of VLF f r equenc i e s  a t  h igh  l a t i t u d e s .  The apparent  d i s c r e -  
pancy b e f o r e  0600 i s  p a r t l y  expla ined  by t h e  f a c t  t h a t  chorus occurred 
much l e s s  f r e q u e n t l y  f o r  t h i s  p o r t i o n  of Pope 's  curve.  Laaspere e t  a l .  
[I9641 found t h e  l o c a l  t ime of maximum chorus occurrence t o  be oons tan t  
0 
a t  about 0600 f o r  ground s t a t i o n s  below 55 , becoming l a t e r  only a t  
h ighe r  l a t i t u d e  s t a t i o n s .  They a l s o  r epo r t ed  an  abrupt  decrease  i n  
0 
chorus occurrence below 50 magnetic l a t i t u d e .  
Russe l l  e t  a l . ,  [I9691 us ing  t h e  search-co i l  magnetometer on 
OGO 3 ,  have r e c e n t l y  r epo r t ed  two d i s t i n c t  c l a s s e s  of a c t i v i t y  a t  
f r equenc i e s  between 10 and 800 Hz:  "s teady noise"  and "noise  bu r s t s " ,  
When t h e  lower frequency range of t h e i r  experiment a s  compared t o  t h e  
p re sen t  i s  cons idered ,  t h e  occurrence r eg ion  of "noise  b u r s t s "  appears  
t o  be roughly c o n s i s t e n t  with t h a t  of banded chorus.  
* 
This  q u e s t i o n  i s  c u r r e n t l y  be ing  i n v e s t i g a t e d .  
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The s i m i l a r i t i e s  between discrete emissions observed i n  t h e  
magnetosphere (banded chorus) and discrete emissions observed for 
many years  a t  ground s t a t i o n s  inc lude  (1) t h e  sme  sverabh frequency 
range, (2) roughly similar s p e c t r a l  c h a r a c t e r i s t i c s ,  and (3) s imi la r  
regions of occurrence with respect  t o  magnetic s h e l l  and l o c a l  time. 
Ground observed chorus d i f f e r s  from banded chorus i n  t h a t  (1) it o f t e n  
occurs i n  severa l  bands over a wide range of frequency, and (2) it 
o f t e n  appears t o  be t r igge red  by whis t l e r s .  I f  i t  is  assumed t h a t  
banded chorus i s  genera l ly  non-ducted [Bur t i s  and Hel l iwel l ,  19691, 
then i t  should not be poss ib le  f o r  the  r a d i a t i o n  t o  reach low a l t i t u d e s  
[Thorne and Kennel, 19671. Indeed, i t  has proved t o  be very d i f f i c u l t  
t o  matoh i d e n t i c a l  emissions on t h e  s a t e l l i t e  and ground records.  A s  
w i l l  be reported i n  a sepa ra te  paper, what is believed t o  be nonducted 
banded chorus i s  occasionally observed on the  low a l t i t u d e  s a t e l l i t e  
060 2. Most of the  chorus seen i n  t h e  tops ide  ionosphere and on t h e  
ground, however, i s  t e n t a t i v e l y  in te rp re ted  a s  banded chorus r a d i a t i o n  
which was generated i n  o r  l a t e r  became trapped i n  the  same type of ducts  
t h a t  allow whis t l e r s  t o  pene t ra te  t h e  ionosphere. 
C ,  BANDED HISS 
A band of unstructured noise  a t  the  same frequency a s  banded chorus 
i s  obten observed both with and without the  l a t t e r .  A s  shown i n  Figure 7 ,  
t h e  region of occurrence of banded h i s s  i s  general ly s imi la r  t o  t h a t  of 
banded chorus, with a c t i v i t y  eonfined t o  r e l a t i v e l y  low R8 a t  night  
and moviw outward during the  daytime hours. Hiss was observed l e s s  
f r equen t ly  than chorus i n  the  morning, 03 - 1 5  LT, but during the  r e s t  
s f  t h e  day t h e  two were about equally l i k e l y .  I t  wae found t h a t  the  
peak occurrence of banded h i s s  was a t  s l i g h t l y  lower than t h e  peak 
occurrence of handed chorus f o r  m a s t  l o c a l  t imes*  The g e n e r a l  s i m i l a r i t y  
of banded chorus and h i s s  i n  terms of frequency and reg ion  of occurrence 
sugges ts  combining them i n t o  a  s i n g l e  ca tegory  of VLF r a d i a t i o n .  The 
percentage occur rence  f o r  t h i s  combined ca tegory  is less than t h e  sum of 
percentage occurrence f o r  banded chorus and banded h i s s ,  however, s i n c e  
t h e  two o f t e n  occurred s imultaneously and hence a r e  n o t  mutual ly  exc lus ive .  
The combination of banded h i s s  and banded chorus a t  low f r equenc i e s ,  
a s  i n  t h e  f o u r t h  example of F igure  2 and t h e  l a s t  two examples of F igure  3, 
is  s i m i l a r  i n  appearance t o  t h e  0.5 - 1.5  kHz l tpolar  chorus1' observed a t  
h igh  l a t i t u d e  ground s t a t i o n s  and descr ibed  by Ungstrup and J a c k e r o t t  
C19631. While t h e s e  au tho r s  suggested t h a t  po l a r  chorus might be funda- 
menta l ly  d i f f e r e n t  from t h e  h igher  frequency chorus observed a t  lower 
l a t i t u d e  ground s t a t i o n s ,  t h e  p re sen t  s tudy  shows a  continuous range of 
f requency of chorus a s  a  f u n c t i o n  of magnetic s h e l l  i n  t h e  magnetosphere. 
Other d i s t i n g u i s h i n g  f e a t u r e s  of po l a r  chorus noted by Ungstrup and 
J a c k e r o t t  inc lude  l a t e r  l o c a l  time of occurrence ( c o n s i s t e n t  wi th  OGO 
observa t ions  a t  t he se  f r e q u e n c i e s ) ,  nega t ive  c o r r e l a t i o n  wi th  K 
P 
(perhaps due t o  ionospher ic  abso rp t ion ) ,  and more pronounced seasona l  
v a r i a t i o n  ( a s  might be expected a t  h igh  l a t i t u d e s ) .  I t  seems l i k e l y  
t h a t  both p o l a r  chorus and lower l a t i t u d e  ground-observed chorus a r e  
man i f e s t a t i ons  of magnetospheric banded chorus and h i s s .  
D . LOW-FREQUENCY NOISE 
Noise below about 0 . 1  t imes t h e  minimum e l e c t r o n  gyrofrequency on 
t h e  f i e l d l i n e  through t h e  s a t e l l i t e ,  u sua l ly  extending down t o  t h e  
300 Hz Pow-frequency cu tof f  of t h e  equipment, was found t o  occur i n  a 
d i s t i n c t l y  d i f f e r e n t  r eg ion  than  banded chorus and banded h i s s .  F igu re  7 
shows t h a t  low-frequency no i se  was observed on about 70% of t he  passes  
r e g a r d l e s s  of l o c a l  t ime i n s i d e  R = 4 . The arrows i n  F igure  7 i n d i c a t e  
0 
Ca rpen te r ' s  [I9661 average p o s i t i o n  of t h e  plasmapause, and i t  i s  c l e a r  
t h a t  low-frequency no i se  i s  common i n  t h e  h igher  dens i ty  plasma r eg ion  
i n s i d e  t h i s  boundary. I t  i s  less c l e a r  t h a t  t h e  apparent  drop i n  
occurrence o u t s i d e  t h e  plasmapause is  r e a l .  Because t h e  broadband 
r e c e i v e r  d i s c r i m i n a t e s  a g a i n s t  low f r equenc i e s ,  h igher  frequency banded 
chorus and h i s s  may o f t e n  obscure low-frequency no i se  beyond t h e  plasma- 
pause a s  suggested by F igure  5. A s  p rev ious ly  mentioned, Dunckel and 
H e l l i w e l l  [I9691 found t h e  s t r o n g e s t  r a d i a t i o n  u sua l ly  t o  occur below 
500 H z ,  t y p i c a l l y  w i t h i n  t h e  range of low-frequency no i se ,  even beyond 
t h e  plasmapause. On t h e  o t h e r  hand, banded chorus is  o f t e n  i n t e r m i t t a n t  
o r  e n t i r e l y  absen t  on t h e  broadband records  from t h i s  r eg ion ,  ye t  low- 
frequency n o i s e  does not  appear even when t h e  AGC has  increased  t h e  
r e c e i v e r  g a i n .  While i t  i s  probably t r u e  t h a t  low-frequency no i se  i s  
l e s s  common o u t s i d e  t h e  plasmapause than  i n s i d e ,  t h e  decrease  i n  
occurrence is  probably not a s  abrupt  a s  i nd i ca t ed  i n  F igure  7 .  
Low-frequency no i se  seldom shows any d i s c r e t e  s t r u c t u r e ;  i t  i s  
usua l ly  h i s s .  Of 214 samples wi th  low-frequency no i se  a c t i v i t y ,  only 
22 were found t o  have d i s c r e t e ,  narrowband emissions i n  t h e  same f r e -  
quency range.  These ca se s  occurred a t  a median Ro of 3.7 , and t h e  
average frequency of t h e  emissions was 0.09 f . I n  one ca se  t h e  Ho 
emissions seem t o  have been r e f l e c t e d  a t  low a l t i t u d e s  s i n c e  they 
were seen  f i r s t  a t  a ground s t a t i o n  and l a t e r  on t h e  s a t e l l i t e .  
Taylor  and G u r n e t t  119683, using the  low a l t i t u d e  s a t e l l i t e  I n j u n  3,  
r e p o r t  a type of no i se  they c a l l  "ELF h i s s "  which seems to be s i m i l a r  t o  
low-frequency no i se .  I t  i s  slowly-varying "h i s s  with frequency components 
from a few hundred Hz up t o  about 2 k ~ z "  and i s  t h e  most common s t rong  
VLF r a d i a t i o n  observed on In jun  3 .  Russe l l  e t  a l .  [I9691 a l s o  r e p o r t  
"s teady noise" a t  f r equenc ie s  below 1 kHz on OGO 3 which seems t o  be 
s i m i l a r  t o  low-frequency noise .  They observe s teady noise  pr imar i ly  
a t  L-values l e s s  t han  6 bu t  a l s o  above L = 6 a t  high magnetic l a t i t u d e s  
on t h e  days ide .  The gene ra t ion  and propagat ion of low-frequency noise  
i s  an  i n t e r e s t i n g  problem but  due t o  measurement d i f f i c u l t i e s  inherent  
i n  t h e  broadband r e c e i v e r  i t  was not pursued f u r t h e r  i n  t h e  present  
s tudy .  
E . COMPARISON OF OGO-1 AND OGO-3 DATA 
I t  is important t o  check whether t h e  p a r t i c u l a r  s a t e l l i t e  used t o  
ga the r  t h e  d a t a  has  any e f f e c t  on observed a c t i v i t y  s i n c e  OGO 1 and 
OGO 3 suppl ied  d a t a  f o r  s e p a r a t e  reg ions  of t h e  magnetosphere. I n  
p a r t i c u l a r ,  da t a  from 1 2  LT through the  evening t o  03  LT were pre-  
dominantly 060 3 ,  whi le  d a t a  from 03 t o  09 LT were predominantly 
OGO 1, a s  i nd ica t ed  i n  F igure  7.  The per iod  09 t o  1 2  LT had about 
1 5  passes  from each s a t e l l i t e  over a wide range of Ro ' and was used 
t o  check f o r  independence. The t e s t  showed gene ra l ly  good agreement 
between the  s a t e l l i t e s  i n  t r ends  and even i n  values of percentage 
occurrence,  cons ider ing  t h e  l i m i t e d  number of passes .  The fol lowing 
d i f f e r e n c e s  were noted f o r  t h e  09 t o  12  LT per iod:  
1. Banded chorus peaked a t  s l i g h t l y  lower Ro on 060 1. This 
i s  t he  same t rend  shown i n  Figure 9 ;  however, t h e  outward 
s h i f t  between 06 - 09 (OGO 1)  and 12  - 1 5  (OGO 3 )  i s  much 
g r e a t e r  t han  t h e  d i f f e r e n c e  between 060 L and O W  3 found h e r e  
from 09 - 1 2 .  Therefore  t h e  outward s h i f t  i s  bel ieved t o  be  
r e a l ,  
2 .  Banded h i s s  was somewhat more common f o r  a l l  Ro on 060 3 .  
I f  h i s s  i s  always more common on Of30 3 ,  t h e  per iod 03 - 09 LT 
(060 1 )  might be expected t o  show a  decrease  i n  h i s s .  S ince  
i t  does not  seem t o ,  t h e  increased  occurrence on OGO 3  from 
09 - 1 2  is  a t t r i b u t e d  t o  s t a t i s t i c a l  f l u c t u a t i o n .  
3 .  Low-frequency no i se  f e l l  o f f  f a s t e r  wi th  Ro on OGO 3 .  This  
i s  t h e  oppos i t e  t o  t h e  t r end  shown i n  F igure  7 ,  where f o r  
03 - 09 (OGO 1 )  t h e  low-frequency no i se  f a l l s  o f f  f a s t e r  t han  
f o r  most o t h e r  t ime pe r iods .  
I t  is  t h e r e f o r e  concluded t h a t  t h e  d a t a  a r e  s u b s t a n t i a l l y  f r e e  of 
b i a s  from t h e  two d i f f e r e n t  s a t e l l i t e s ,  which a r e  supposed t o  have 
e s s e n t i a l l y  t h e  same ins t rumenta t ion .  Di f fe rences  i n  t h e  d a t a ,  a s  noted 
above, a r e  minor;  t h e  major d i u r n a l  t r ends  shown i n  Figure 7  a r e  thought  
t o  be r e a l .  
F  . AMPLITUDE OF BANDED CHORUS 
The OGO 1 VLF experiment inc ludes  a  vo l t age  con t ro l l ed  o s c i l l a t o r  
(VCO) whose frequency d e v i a t i o n  was designed t o  be approximately pro- 
p o r t i o n a l  t o  t h e  logar i thm of t h e  broadband ( 0 . 3  - 13.0 kHz) ampli tude 
* 
 o or den e t  a l . ,  19661. Unfortunately t h e  a b s o l u t e  values  of t h e  VCO 
frequency i n  f l i g h t  a r e  not  t h e  same a s  t h e  prelaunch values;  t h i s  may 
be r e l a t e d  t o  an  unexpected thermal environment caused by the  space- 
c r a f t ' s  s p i n  o r  t o  a  component f a i l u r e .  By autumn 1966 t h e  VCO sync 
frequency had s e t t l e d  down t o  a  cons tan t  35.1 kHz, a s  compared t o  
32 .2  kHz b e t o r e  launch:  a  9% inc rease .  According t o  one of t h e  
des igne r s  [B. F i c k l i n ,  p r i v a t e  communication] i t  i s  not unreasonable 
t o  assume t h a t  t h e  i n - f l i g h t  dev i a t i on  from sync t o  t h e  measured value 
* 
The VCO was employed on 06;O 3  t o  provide ELF (15  - 300 H z )  waveforms. 
1s t h e n  a l s o  9% g r e a t e r  t h a n  t h e  prelaunch deviation f o r  t he  same 
ampli tude.  The prelaunch c a l i b r a t i o n  curves ,  s u i t a b l y  modlfied by the 
above assumption, then y i e l d  a  prel iminary es t imate  of broadband 
ampli tude.  This  e s t ima te  i s  conserva t ive  i n  t he  sense  t h a t  t he  ampli- 
tude  obta ined  by t h e  modified c a l i b r a t i o n  curves i s  l e s s  than  t h a t  
obtained us ing  t h e  prelaunch curves ;  t h e  d i f f e r e n c e  approaches 10 db 
a t  t h e  l a r g e s t  s i g n a l  s t r e n g t h s .  Nevertheless ,  t he  prel iminary e s t ima te s  
of amplitude obtained by t h i s  method seem q u i t e  l a r g e  and may have t o  be 
r ev i sed  downward. While t h e r e  is  unce r t a in ty  i n  t h e  abso lu t e  values of 
amplitude thus  obtained,  dynamic amplitude v a r i a t i o n s  such a s  r i s e  and 
f a l l  time should be q u i t e  accu ra t e .  The VCO response time i s  approxi- 
mately 3 msec , determined by a  pos t -de t ec t ion  300 Hz low-pass f i l t e r  
i n  t h e  VCO channel .  
The amplitude VCO has been i n s e r t e d  above t h e  banded chorus a c t i v i t y  
i n  F igure  5 and t e n t a t i v e l y  c a l i b r a t e d  by t h e  above assumption. The 
broadband amplitude i s  seen t o  range between about 20 and 40 db below 
- 5  
one gamma ( l y  = 10 gauss ) .  The d i g i t a l  d a t a  i n  Figure 5 show the  
narrowband amplitude i n  db below one gamma over t he  d i g i t a l  r ece ive r  
f i l t e r  bandwidth (band 1, - 40 Hz; band 2, - 160 Hz) f o r  each s t e p  i n  
t h e  frequency sweep. When t h i s  narrowband amplitude da t a  i s  i n t e g r a t e d  
over t h e  frequency range of t h e  broadband r e c e i v e r ,  a  broadband amplitude 
of -34 db Y i s  obtained f o r  t h i s  p a r t i c u l a r  sweep. This is c o n s i s t e n t  
with t h e  t e n t a t i v e  c a l i b r a t i o n  of t h e  broadband VCO. Most of t h e  power 
(67%) is contained i n  t h e  banded chorus between 2.7 and 3 .7  kHz; 
low-frequancy noise  from 0.3 t o  1 .0  kHz accounts f o r  another  27% . 
Whereas t h e  most important c o n t r i b u t i o n  t o  t he  average wideband i n t e n s i t y  
for t h e  entire magnetosphere has been found to lie below 500 H Z  
[ ~ u n e k e l  and WeLliwell, 19691, this example shows t h a t  t h e  s t ronges t  
c o n t r i b u t i o n  can a t  t imes l i e  elsewhere; i n  p a r t i c u l a r ,  a t  banded 
chorus f requencies .  
Figure 11 shows some r e p r e s e n t a t i v e  banded chorus emissions and 
t h e i r  amplitude v a r i a t i o n s .  The amplitude VCO is  t e n t a t i v e l y  c a l i b r a t e d ,  
under t h e  above assumptions, i n  db below one gamma. The apparent 
no i se  l e v e l  and c a l i b r a t i o n  depend on the  frequency of t h e  r a d i a t i o n  
because of t h e  6 db/octave frequency response of t he  broadband 
r e c e i v e r .  The f i r s t  and second spectrograms were c a l i b r a t e d  f o r  
f  = 1 . 8  kHz , t h e  t h i r d  f o r  f  = 6 . 7  kHz . Since t h e  frequency of 
t h e  emissions is  a c t u a l l y  varying,  f o r  example, by over one octave 
i n  t h e  second spectrogram, t h e  ind ica t ed  c a l i b r a t i o n  should be increased 
by about 3  db f o r  f  = 1 . 3  kHz , and decreased by about 6 db f o r  
f  = 3 .6  kHz . The r e g u l a r ,  r ap id  o s c i l l a t i o n s  of t h e  VCO a t  about 
1357:17 on 3 November 1966 r e s u l t  from t h e  i n t e r n a l  c a l i b r a t i o n  s i g n a l  
c o n s i s t i n g  of a  square wave a t  harmoni,cs of 1 kHz . 
The peak amplitudes of t h e  emissions, a s  determined by the  t e n t a t i v e  
c a l i b r a t i o n ,  range from t h e  no i se  l e v e l  t o  about 100 milligammas, and 
occas iona l ly  h ighe r .  These examples were chosen from among the  s t ronge r  
emissions found, and more commonly t h e  amplitude would probably not  
exceed 100 milligammas. Nonetheless,  t hese  ( t e n t a t i v e )  amplitude peaks 
o f t e n  exceed t h e  l e v e l s  ca l cu la t ed  by Kennel and ~ e t s c h e k  [1966] a s  
being necessary f o r  s teady p i t c h  angle  d i f f u s i o n  by r a d i a t i o n  well  
below t h e  e l e c t r o n  gyrofrequency. Figure 11 shows t h a t  t h e  emissions 
t y p i c a l l y  bu i ld  up t o  a  peak value of sho r t  du ra t ion  and then  decay. 
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FIGURE 11. Examples of t h e  amplitude v a r i a t i o n  of banded chorus emissions 
observed by OGO 1. The broadband amplitude, t e n t a t i v e l y  
c a l i b r a t e d  i n  db below one gamma, i s  shown above t h e  co r r e s -  
ponding VLF spectrogram. The r e g u l a r  o s c i l l a t i o n s  i n  amplitude 
on 3 November a r e  due t o  an i n t e r n a l  c a l i b r a t i o n  s i g n a l  a t  
1 kHz and harmonics. Banded h i s s  is  p re sen t  wi th  t he  chorus 
on 15 October.  
The rise time i s  u s u a l l y ,  but not  always, shorter than  the decay d i m e ,  
The last emission of t h e  29 September example shows an unusua l  double 
peak in ampli tude.  The s h o r t  d u r a t i o n  of maximw amplitude i s  i n  
c o n t r a s t  t o  Lee ' s  [1968] s p e c t r a l  a n a l y s i s  of emissions observed a t  
ground s t a t i o n s ,  which show a r e l a t i v e l y  long d u r a t i o n  of near-maximum 
ampli tude.  These banded chorus ampli tude sp ikes  appear s i m i l a r  t o  t h e  
X-ray microburs t  sp ikes  r epo r t ed  by Venkatesan e t  a l .  [1968], which may 
r e s u l t  from e l e c t r o n s  p r e c i p i t a t e d  by t h e  banded chorus emissions.  
G . LATITUDE DEPENDENCE 
The dependence of VLF a c t i v i t y  on magnetic d i p o l e  l a t i t u d e  @ 
was i n  g e n e r a l  found t o  be l e s s  pronounced than  t h e  dependence on Ro 
and LT . Figure  12  g i v e s  t h e  percentage  occurrence f o r  t h e  t h r e e  types  
of r a d i a t i o n  as a f u n c t i o n  of I f o r  var ious  va lues  of Ro . I n  o rde r  
t o  o b t a i n  a s i g n i f i c a n t  number of samples i t  was necessary t o  use d a t a  
from a wide range of l o c a l  t imes :  banded chorus d a t a  were taken  from 
03 - 1 5  LT ( t h e  t ime of maximum occur rence) ,  banded h i s s  d a t a  from t h e  
same 03 - 15 LT pe r iod ,  and low-frequency no i se  d a t a  from 09 - 21 LT 
( aga in  approximately t h e  t ime of maximum occur rence) .  Dipole l a t i t u d e  
4 * was d iv ided  i n t o  lo0  i n t e r v a l s ;  Ro i n t o  1-uni t  increments .  Percen- 
t a g e  occurrence was found by d iv id ing  t h e  number of passes  having 
a c t i v i t y  by t h e  t o t a l  number of passes  i n  each compartment of $ - Ro 
space .  The number of passes  i n  each compartment f o r  which percentage  
occurrence was c a l c u l a t e d  var ied  from 8 t o  47. The remaining comptrt- 
ments (having 0 - 5 passes )  were cons idered  t o  have i n s u f f i c i e n t  d a t a  
f o r  s t a t i s t i c a l  purposes and are  ind i ca t ed  by x ' s  i n  Figure 12.  
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R o BANDED CHORUS 
PERCENT 03-15-LT 
3-4,?, x x 
0 
BANDED HISS 
03-15-LT 
I 
LOW FREQUENCY NOISE 
09-21-LT 
0 10 20 30 4 0  50 
DIPOLE LATITUDE 
FIGURE 1 2 .  Occurrence  s t a t i s t i c s  f o r  t h r e e  t y p e s  
of  VLF r a d i a t i o n  a s  a  f u n c t i o n  of d i p o l e  
l a t i t u d e  @ f o r  v a r i o u s  Ro . The l o c a l  
t i m e  p e r i o d  i s  shown a t  t h e  t o p .  An X 
i n d i c a t e s  i n s u f f i c i e n t  d a t a  (5 o r  fewer  
p a s s e s )  i n  g i v e n  $ - Ro compartment.  
Banded chorus occurrence shovied no c o n s i s t e n t  dependence on l a t i -  
t u d e ,  A l l  v a r i a t i o n s  i n  p e r c e n t a g e  o c c u r r e n c e  with l a t i t u d e  ( F i g u r e  12)  
a r e  thought t o  be a t t r i b u t a b l e  t o  t h e  l imi t ed  d a t a  sample. Russe l l  e t  a l . ,  
[1969],  using t h e  OGO-3 search-coi l  magnetometer, r epo r t  a decrease i n  
occurrence of "noise bu r s t s "  (from 10 t o  800 Hz) with l a t i t u d e .  Thei r  
d a t a  show t h i s  t o  be s i g n i f i c a n t ,  however, only a t  L-values g r e a t e r  than  
7 i n  which reg ion  processed broadband d a t a  f o r  t h e  present  experiment a r e  
r e l a t i v e l y  s p a r s e .  I n  t h i s  reg ion  t h e  l a t i t u d e  dependence may be par- 
t i a l l y  due t o  t h e  increased  pa th  length  from t h e  equator  t o  a g iven  
l a t i t u d e ,  o r  t o  t h e  f a c t  t h a t  by order ing  t h e i r  d a t a  i n  L r a t h e r  than  
Ro they a r e  not inc luding  t h e  e f f e c t s  of s o l a r  wind d i s t o r t i o n  of t he  
geomagnetic f i e l d .  
Banded h i s s  occurrence l i kewise  showed no c o n s i s t e n t  dependence on 
l a t i t u d e .  The anomalously high percentage occurrence found f o r  9 = 
40 - 50' between R = 5 and 7 i s  based on only 10 passes  and may 
0 
not  be s t a t i s t i c a l l y  s i g n i f i c a n t .  
Low-frequency no i se ,  however, was found t o  be cons i s t en t ly  more 
common a t  high l a t i t u d e s ,  a s  shown i n  Figure 12 .  This  t r end  i s  c l e a r l y  
evident  f o r  Ro l e s s  t han  6 ; beyond R = 6 t h e  observa t ion  of low- 
0 
frequency noise  is uncommon a t  any l a t i t u d e  (F igure  7 ) .  Russel l  et a l .  
[I9691 noted a s i m i l a r  h i g h - l a t i t u d e  preference  f o r  "steady noise" 
below 800 Hz on OGO 3 .  
While t h e  occurrence of banded chorus was found t o  be e s s e n t i a l l y  
independent of l a t i t u d e ,  t h e  normalized frequency of banded chorus,  
f / f H o  , was found t o  depend on l a t i t u d e  a s  suggested by Figure 13. 
This  d a t a  i s  from a sepa ra t e  study [ ~ u r t i s  and He l l iwe l l ,  19691, 
inc luding  060-l and 060-3 passes  from 1965 - 1967 over a wide va r i e ty  of 
- 39 - SEL-69-019 
ALL OTHER LATITUDES 
NORMALIZED FREQUENCY f / fHo 
FIGURE 13 .  The number of observa t ions  of banded chorus a t  
var ious  normalized f r equenc i e s  f o r  d i p o l e  l a t i -  
tudes  w i th in  lo0 of t h e  equator  and f o r  a l l  
o t h e r  d i p o l e  l a t i t u d e s .  The banded chorus c e n t e r  
frequency f  is normalized t o  t h e  e q u a t o r i a l  
gyrof requency on t h e  Williams-Mead f  i e l d l i n e  
through t h e  s a t e l l i t e ,  f . The d a t a  sample 
is t h a t  of B u r t i s  and ~el?!?well  C19691 and 
inc ludes  a  wide v a r i e t y  of passes  from 1965 - 1967. 
o r b i t s ,  When a l l  l a t i t u d e s  were considered the  banded chorus c e n t e r  
frequency f was t y p i c a l l y  anywhere i n  t he  range 0 . 1  t o  0 . 6  f 
Ho ' 
0 but  when d i p o l e  l a t i t u d e s  were wi th in  LC of t he  equator f  was 
t y p i c a l l y  between 0 .4  t o  0 . 6  f  The normalized frequency was 
Ho ' 
found not t o  depend on Ro . This  was i n t e r p r e t e d  a s  a  propagat ion 
e f f e c t  i n  which nonducted banded chorus dev ia t e s  s l i g h t l y  inward from 
magnetic f i e l d l i n e s  while  t r a v e l i n g  earthward from a  genera t ion  reg ion  
near  t he  equator .  
H . DEPENDENCE ON MAGNET1 C ACT1 VITY 
A l l  28 OGO-1 passes  i n  t h e  0600 - 0900 l o c a l  time period were 
s t u d i e d  t o  i n v e s t i g a t e  t h e  dependence of t h e  t h r e e  types of VLF a c t i v i t y  
on magnetic d i s tu rbance .  Worldwide 3-hour values of K measuring 
P  
* 
magnetic a g i t a t i o n ,  and 1-hour values of D measuring symmetric, 
s t  
longitude-independent depress ion  of t h e  f i e l d  were used a s  magnetic 
parameters .  The da t a  were divided i n t o  consecut ive 5-minute time 
segments and t h e  type of VLF a c t i v i t y ,  l o c a t i o n  of t h e  s a t e l l i t e  i n  Ro ) 
and magnetic a c t i v i t y  were noted f o r  each segment, g iv ing  397 da ta-  
samples (33 hours of d a t a ) .  In  order  t o  q u a l i f y  a s  a  s t a t i s t i c a l l y  
meaningful d a t a  poin t  i n  Ro - K  ( o r  Ro - Dst) space a t  l e a s t  1 2  
P  
data-samples inc luding  a t  l e a s t  4 sepa ra t e  passes  were requi red .  Po in t s  
not  meeting t h i s  c r i t e r i o n  a r e  i nd ica t ed  by dashed l i n e s  i n  F igure  14 .  
During t h e  autumn 1966 per iod  f o r  which t h e  d a t a  were obtained t h e r e  
were a t  l e a s t  four  wel l-defined magnetic storms exh ib i t i ng  a  s h o r t  i n t e r v a l  
of increased  Dst , a  sudden drop of 50 t o  LOO gamma, and a  slow, quasi-  
exponent ial  recovery t o  Dst + 10 . Values of Dst ranged from -38 t o  
* 
Dst 
values provided by  World Data Center A ,  Rockvil le ,  Maryland. 
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4-37 with 32% of t h e  samples having U > 10 (little or no f i e l d  
st  - 
depression) and 68% having Dst < 10 ( s i g n i f i c a n t  f i e l d  depress ion)  . 
Values of K ranged from 0 t o  6 with 51% of t h e  samples having 
P 
0 < K < 1' (magnet ical ly  q u i e t ) ,  44% having 2- < K < 4' (moderately 
- P -  - P -  
d i s t u r b e d ) ,  and 5% having 5- < K < 6 (magnet ical ly  a c t i v e ) .  
- P -  
I t  was found t h a t  t h e  occurrence of banded chorus depended markedly 
on magnetic a c t i v i t y ,  whether measured by K o r  Dst . Figure 1 4  
P 
shows t h a t  banded chorus occurred much more commonly f o r  moderately 
d i s tu rbed  per iods  (K = 2 - 4) than  f o r  q u i e t  per iods  (K = 0 - 
P P 1 > 
f o r  a l l  Ro . For R = 5 - 6 t h e  frequency of occurrence jumped 
0 
from 13% ( q u i e t )  t o  89% (moderately d i s t u r b e d ) ,  and over the  e n t i r e  
reg ion  R = 3 - 9 t h e  banded chorus a c t i v i t y  increased from 12% t o  
0 
49% . There seemed t o  be a s l i g h t  tendency f o r  chorus t o  spread t o  
h igher  Ro wi th  increased  K a s  suggested i n  Figure 14 .  The two 
P 
passes  during magnet ical ly  d i s tu rbed  per iods  (K = 5 - 6) covered only 
P 
high Ro r eg ions  but exhib i ted  chorus a c t i v i t y  over 50% of t he  time 
f o r  R = 6 - 9 . Banded chorus showed a s i m i l a r  dependence on 
0 Dst ' 
t he  frequency of occurrence over t h e  e n t i r e  reg ion  increas ing  from 9% 
f o r  D > 10 t o  39% f o r  Dst < 10 . I n  a study of VLF chorus 
st - 
observed a t  ground s t a t i o n s ,  Pope [1963] repor ted  a s i m i l a r  p o s i t i v e  
c o r r e l a t i o n  between K and occurrence, except a t  au ro ra l  l a t i t u d e s  
P 
where ionospher ic  absorp t ion  may be expected. 
Banded h i s s  and low-frequency noise  were found t o  be l e s s  dependent 
on magnetic a c t i v i t y  (Figure 1 4 ) .  The occurrence of banded h i s s  
a c t u a l l y  decreased from about 14% f o r  K = 0 - 1 t o  9% f o r  
P 
K = 2 - 4 . (Banded h i s s  behaved s i m i l a r l y  with regard t o  
P Ds t  , 
be lng  s l i g h t l y  more common f o r  D > LO t han  f o r  D < 10 .) 1,ow- 
s t  --- s t  
f r e q u e n c y  noise a l s o  was observed more o f t e n  during magnetlcaLLy q u l e t  
p e r i o d s ,  e s p e c i a l l y  f o r  low R . For R = 3 - 4 low-frequency no i se  
0 0 
was observed 76% of t h e  time wi th  K = 0 - 1 , but only 38% of 
P 
t h e  time wi th  K = 2 - 4 . 
P 
Banded chorus a c t i v i t y  f o r  t he  06 - 09 LT period is f u r t h e r  
descr ibed  i n  Table 1 and Figures  1 5  and 16 .  The t a b l e  g ives  a  concise 
d e s c r i p t i o n  of t h e  s p e c t r a l  shape, p u r i t y  and s t r e n g t h  of i nd iv idua l  
d i s c r e t e  emissions making up banded chorus f o r  each pass  of OGO 1. 
Figure  1 5  shows spectrograms of t he  banded chorus a c t i v i t y  f o r  5 of 
t hese  pas ses ,  arranged i n  order  of decreas ing  K . Note t h a t  t h e  
P 
amplitude VCO t r a c e  i n s e r t e d  above t h e  VLF a c t i v i t y  i s  unca l ibra ted  and 
i t s  r e l a t i v e  s e n s i t i v i t y  i s  doubled i n  t h e  second spectrogram. Figure 16 
p r e s e n t s  t h e  values of 
Dst f o r  a  3-week per iod  bracket ing many of t h e  
above pas ses ;  i n  p a r t i c u l a r  passes  a ,  b ,  c ,  and d r e f e r  t o  t h e  top  f o u r  
spectrograms of F igure  15 .  
From the  above i l l u s t r a t i o n s  i t  i s  seen  t h a t  weak and s c a t t e r e d  
emissions,  o f t e n  d i f f u s e  and fuzzy ,  tended t o  occur during magnet ical ly  
q u i e t  t imes ,  whereas s t rong  and cont inuous,  o f t e n  sharp ly  defined 
emissions tended t o  occur during moderately d is turbed  t imes .  Furthermore, 
a t  l e a s t  f o r  t h e  per iod  s tud ied ,  f a l l i n g  tones and quasi-constant  tones 
were more common f o r  K = 0 - 1 , whereas r i s e r s  and hooks were more 
P 
common f o r  K = 2 - 4 . Passes during t h e  main phase of magnetic 
P 
storms shown i n  F igure  16 had s t rong  banded chorus a c t i v i t y ,  whi le  
those  dur ing  t h e  i n i t i a l  and recovery phases showed l e s s  marked 
a c t i v i t y ,  a s  might be expected from the  c o r r e l a t i o n  between K and 
P 
Dst a 
SEE-69-019 - 44 - 
TABLE 1. E3ISNDED CHORUS ACTIVITY, OGO L ,  06-09 LT, 
t r i g g e r  r i s e r s  
Many s t rong  r i s e r s  
Occasional risers 
* 
No data 
- 45 - 
060-1 26 OCT 66 1440:OO U T  
OGO- 1 13 OCT 66 0650 :OO UT  
OGO-l 23 OCT 66 2249:30 UT  
QGO-I  II NOV 66 1416:IO U T  
F I G U R E  15.  Examples of banded chorus f o r  vary ing  degrees  of magnetic 
d i s tu rbance  (higher  K a t  t h e  t o p ) .  The broadband ampli tude 
P t r a c e  i s  unca l ib ra t ed  but appears between 8 and 10 kHz ( i n  
t h e  second example i t  appears between 2.5 and 4.5  kHz and t h e  
s e n s i t i v i t y  is doubled; i n  t he  t h i r d  example t h e  no i se  l e v e l  
i s  lower because an i n t e r f e r i n g  experiment was o f f ) .  These 
examples a r e  among those  summarized i n  Table 1. 
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I .  AN UNUSUAL OBSERVATION O F  N O I S E  ABOm THE WROFREQUENGE 
On a s i n g l e  occasion narrowband mF r a d i a t i o n  was observed i n  t h e  
magnetosphere a t  f r equenc ie s  wel l  above t h e  expected l o c a l  e l e c t r o n  
gyrofrequency. This  unique event  occurred on 10 September 1966 a s  
OGO 3  was c ross ing  t h e  d i p o l e  equator  and moving inward from R = 5.9 
0 
t o  Ro = 5.2 a t  about 2000 l o c a l  t ime. Figure 17  shows t h e  o r b i t  and 
the  var ious  reg ions  of a c t i v i t y .  Before 0357 UT no a c t i v i t y  i s  seen.  
For t h e  next 22 minutes s t r o n g  bands of no ise  a r e  observed both above 
and below the  l o c a l  gyrofrequency. Then from 0419 t o  0445 the  only 
no i se  band i s  wel l  below t h e  l o c a l  gyrofrequency, and i n  f a c t  i s  j u s t  
below ha l f  t h e  e q u a t o r i a l  gyrofrequency a s  would be expected f o r  banded 
chorus .  The banded chorus inc reases  i n  frequency a s  t h e  s a t e l l i t e  moves 
inward u n t i l  a t  0445 i t  ceases  and soon t h e r e a f t e r  w h i s t l e r s  begin t o  
appear .  
The r a d i a t i o n  above t h e  e l e c t r o n  gyrofrequency ( a s  g iven  by t h e  
Williams - Mead f i e l d )  appears  i n  s eve ra l  narrow bands of slowly and 
i r r e g u l a r l y  varying frequency and amplitude. The various bands f ade  i n  
and out  and apparent ly  a r e  not  harmonically r e l a t e d .  They a r e  usua l ly  
d i f f u s e  but  occas iona l ly  d i s c r e e e  s t r u c t u r e  can be seen.  F igure  1 8  
shows a  spectrogram of t h e s e  no i se  bands a s  we l l  a s  two frames of d a t a  
(from a  s l i g h t l y  d i f f e r e n t  time) from t h e  VLF d i g i t a l  s tepping  r ece ive r  
on t h e  same s a t e l l i t e .  The ho r i zon ta l  bands of nearly cons tan t  frequency 
a r e  t h e  a c t i v i t y  of i n t e r e s t  on t h e  spectrogram -- a t  l e a s t  two such 
bands may be seen above the  l o c a l  gyrofrequency H . The d i g i t a l  da t a  
p re sen t  magnetic f i e l d  s t r eng th  (db below one gamma) vs .  frequency (kHz) 
f o r  t h r e e  frequency bands. In  t h e  second frame, f o r  example, t h e r e  i s  
WHl STLERS 
I 060-3 10 SEP 66 
FIGURE 17. OGO-3 o r b i t  f o r  10 September 1966, 
dur ing  p a r t  of which r a d i a t i o n  was 
observed above t h e  l o c a l  (Williams- 
Mead) gyrofrequency f H .  The f i e l d -  
l i n e  shows t h e  approximate l o c a t i o n  
of t h e  plasmapause. VLF a c t i v i t y  is  
ind ica ted  a t  t h e  l e f t .  
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narrowband a c t i v i t y  a t  6 . 8  , 10.9 , and 16 kHz . The 16 kHz noise 
has a field s t r e n g t h  of nearly 10 milligamas (over the 600 Hz filter 
bandwidth) and i t s  frequency i s  approximately t h r e e  t imes t h e  expected 
gyrof requency of 5.4 kHz . 
Concurrent ground d a t a  from Byrd and Great Whale s t a t i o n s  (L  - 7) 
a t  nea r ly  t h e  same meridian a s  t h e  s a t e l l i t e  show marked substorm 
4- 
a c t i v i t y  (p l ane t a ry  3-hour K = 4 ) .  Auroral VLF h i s s  i s  seen i n t e r -  
P 
m i t t e n t l y  a t  Byrd from about 0000 u n t i l  0413 UT; i t  is s t r o n g e s t  a t  
about 0406. There a r e  a u r o r a l  breakups, a s  evidenced by sudden l a r g e  
0 
ULF micropulsa t ion  and 5577 A a l l  sky photometer i nc reases ,  a t  0334 
and aga in  a t  0413 a t  both s t a t i o n s .  Byrd sees  a  f i n a l  breakup a t  0419, 
t h e  same time noiee above t h e  gyrofrequency ceases  a t  the  s a t e l l i t e .  
Magnetic a c t i v i t y  i s  comparatively low a t  both s t a t i o n s  the  remainder 
of t h e  n i g h t .  While i t  i s  not  c e r t a i n  t h a t  t h i s  substorm a c t i v i t y  i s  
r e l a t e d  t o  t h e  r a d i a t i o n  above t h e  gyrofrequency a t  t h e  equator ,  t h e  
f a c t  t h a t  t he  r a d i a t i o n  ceases  upon t h e  f i n a l  au ro ra l  breakup of t h e  
evening i s  e n t i c i n g .  
Nose w h i s t l e r s  a r e  received a t  Byrd throughout t h e  per iod  0350 - 
0440 UT. The nose frequency of t h e  s t rong  t r a c e  bel ieved t o  be propa- 
g a t i n g  j u s t  ou t s ide  t h e  plasmapause increases  from s l i g h t l y  over 4 kHz 
t o  s l i g h t l y  over 5 kHz , although t h e  poorly-defined l ead ing  edge makes 
measurement i nexac t .  This  would i n d i c a t e  an inward movement of t h e  
plasmapause from about R = 4.6  t o  R = 4.3  . The e q u a t o r i a l  e l e c t r o n  
0 0 
dens i ty  a t  t h i s  d i s t a n c e  can be est imated by measuring t h e  time delay 
between t h e  causa t ive  sphe r i c  and the  w h i s t l e r  a t  t h e  nose frequency.  
The 1 . 2  second time delay i n d i c a t e s  an e l e c t r o n  dens i ty  of about 
- 3 3 2  c m  , or a plasmaf requency of 51 kBz . F u r t h e r  out a t  t h e  060-3 
-4 position the d e n s i t y  can be c r u d e l y  estimated by assming an R 
d i s t r i b u t i o n  of e l e c t r o n s .  A t  R = 5.5 the  plasmafrequency would then 
0 
be about 31 kHz , considerably above t h e  h ighes t  frequency r a d i a t i o n  
observed. 
L i t t l e  t h e o r e t i c a l  a n a l y s i s  of t h i s  event  has  been undertaken; 
however, two p o s s i b i l i t i e s  come t o  mind. F i r s t ,  t h e  noiee may i n  f a c t  
be above t h e  l o c a l  e l e c t r o n  gyrofrequency i n  which case  i t  would not 
propagate  i n  t h e  w h i s t l e r  mode. For example thermal plasmas may 
e x h i b i t  e l e c t r o s t a t i c  i n s t a b i l i t i e s  a t  f requencies  near  mu l t ip l e s  of 
t h e  e l e c t r o n  gyrofrequency [ S t i x ,  19621. Second, and probably l e s s  
l i k e l y ,  a very l a r g e  p a r t i c l e  f l u x  might i nc rease  t h e  l o c a l  magnetic 
f i e l d  s t r e n g t h  s o  t h e  no i se  was a c t u a l l y  below t h e  e l e c t r o n  gyrofrequency 
I n  any case  temporary dynamic p a r t i c l e  f l u x e s  might be expected from t h e  
substorm a c t i v i t y  on t h e  ground. 
111, SUGGESTIONS FOR FURTHER RESEARCH 
-~--, ,-- 
Many avenues of f r u i t f u l  r e sea rch  i n t o  banded chorus now seem p o s s i b l e ,  
In a d d i t i o n  t o  t h e  banded chorus frequency,  t h e  s lopes  of t h e  emissions 
should be s ca l ed  and s tud i ed  s t a t i s t i c a l l y - - consequences  of t h e  gene ra t i on  
theory  of H e l l i w e l l  C19671, f o r  example, a r e  t h a t  f a l l i n g  tones should no t  
be observed a t  t h e  equa to r ,  r i s i n g  tones should be about twice as  common 
a t  t h e  equa tor  as  a t  h igh  l a t i t u d e s ,  and i n  g e n e r a l  t h e  s lope  of an 
emission should be p ropor t i ona l  t o  t h e  d i s t a n c e  from t h e  equator  t o  t h e  
gene ra t i on  r eg ion .  Banded chorus ampli tudes,  determined from the  OGO-1 
VCO o r  t h e  d i g i t a l  da t a  from e i t h e r  OGO 1 o r  OGO 3 ,  should a l s o  be r o u t i n e l y  
s ca l ed  and s t u d i e d ;  both as  a  func t ion  of l a t i t u d e  o r  f i e l d l i n e  d i s t a n c e  
from t h e  e q u a t o r i a l  gene ra t i on  r eg ion  t o  determine t h e  amount of a t t e n u -  
a t i o n ;  and a s  a  func t ion  of L and l o c a l  t ime t o  determine t h e  average 
energy of banded chorus a c t i v i t y  i n  d i f f e r e n t  reg ions  of t h e  magnetosphere. 
De ta i l ed  s p e c t r a l  ana lys i s  of i nd iv idua l  emissions could provide valu-  
a b l e  i n s i g h t  i n t o  t h e  gene ra t i on  mechanism. The continuous frequency 
spectrum of t h e  OGO broadband d a t a  and t h e  3 msec time response of t h e  
OGO-1 amplitude VCO permit  d e t a i l e d  measurements of such parameters as  
r ise t ime,  decay t ime,  bandwidth, and t h e  v a r i a t i o n  of frequency, ampli tude,  
and bandwidth w i th  t ime.  Cor re l a t i on  of banded chorus wi th  OGO low energy 
(1-50 keV) e l e c t r o n  measurements, both s t a t i s t i c a l l y  and i n  case  s t u d i e s ,  
would a l s o  be h igh ly  i n t e r e s t i n g .  
Study of t h e  average v a r i a t i o n  of t h e  normalized frequency f / f  Ho has 
suggested t h a t  banded chorus i s  nonducted and i n  gene ra l  dev i a t e s  t o  
lower L-values a s  i t  propagates  ear thward.  Deta i led  s tudy of the  v a r i a t i o n  
of normalized frequency f o r  p a r t i c u l a r  passes  might lead t o  t he  i d e n t i f i c a t i o n  
of d u e t s  (e .f = ground w h i s t l e r  d a t a ) ,  e l e c t r o n  d e n s i t y  g r a d i e n t s  (e .f , 
OGO mass s p e c t r o m e t e r  d a t a ) ,  and m a g n e t i c  f i e l d  d i s t o r t i o n s  ( c  . f a  060 
magnetometer d a t a )  i n  t h e  plasma t rough.  
Presen t  understanding of t h e  r e l a t i o n  of ground observed chorus t o  
banded chorus i s  q u i t e  l i m i t e d .  A weal th  of OGO-2 and OGO-4 d a t a  a r e  
a v a i l a b l e  f o r  t h i s  s o r t  of s t udy ,  a l though observa t ions  a t  h igher  a l t i t u d e s  
( e .g .  6000 km, 55O magnetic l a t i t u d e )  would be u s e f u l .  E f f o r t s  t o  match 
ground emissions t o  s a t e l l i t e  emiss ions  should be continued--simple 
ground VLF r e c e i v e r s  a t  t h e  s a t e l l i t e  t r ack ing  s t a t i o n s  would be p a r t i c u -  
l a r l y  h e l p f u l  f o r  t h i s  purpose. 
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